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Z, = 0.14 ( E  104 ) ; 
VE s i n  O w  

104 
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X12 x13 +. . .)] 
2.05 

1.8 
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+ x2- x23 + . . .) ; 

VE s i n  0, 

104 > 1-37  (Blob)  

The coef f ic ien ts  0 .14  and 39 in   these  equat ions  replace  the  values   given  in  
the   repor t  which were i n   e r r o r  by a f ac to r  of 2.  The t ab le  of values of Ze, 
t a b l e  11, page 61, and the  corresponding  values of q e  i n   t h e   f i g u r e s   a r e  
correct  as g iven   in   the   repor t .  
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AERODYNAMIC  HEXTING OF CONICAL ENTRY VMICLES AT SPEEDS 

I N  EXCESS OF M T H  PARABOLIC SPEED 

By H. Julian  Allen,  Alvin  Seiff, 
and  Warren  Winovich 

The aerodynamic heating  characterist ics  during  Earth 's  atmosphere entry a t  
speeds  greater  than  Earth  parabolic  speed  are  calculated  for  vehicles of conical 
shape.  Ablative  heat  shields are assumed f o r  these  bodies and both  laminar and 
turbulent boundary layers  are  considered. It i s  shown t h a t  i f  conical  shape  can 
be  maintained,  an optimum cone angle w i l l  ex i s t  and a cone of this   angle  w i l l  be 
supe r io r   t o   t he  more usual  blunt  entry  shapes a t  speed  well  in  excess of para- 
bolic  speed. The improvements r e s u l t  f r o m  the   fac t   tha t   rad ia t ive   hea t - t ransfer  
contributions f rom the  shock layer   are  much reduced f o r   t h e  cones so  that ,  
although  the  convective  contributions  are  increased, a net  gain i s  real ized.  For 
optimum cones,  the  approximate  analysis  indicates  that  the  convective  contribu- 
t ions   cons t i tu te  85 t o  90 percent of the  t o t a l  heating.  Solutions t o  the  problem 
of  maintaining  conical  shape as ablation  progresses  are  considered, and some 
experimental  demonstrations of means f o r  accomplishing this   are   presented.  

INTRODUCTION 

Interplanetary  t ravel  may require  entry  into  planetary  atmospheres a t  speeds 
well  in  excess of parabolic  speed  in  order t o  shor ten   t r ip   t imes   ( re f .  1). Fig- 
ure 1 shows t r i p  time as a function of entry  speed  into Earth 's  atmosphere Tor 
t r ave l  from Mars and Venus. There  are l imits which must be   se t  for the  maximum 
entry  speed  allowable  because of bo th  the   loads   en ta i led   ( re f .  2) and the  aero-  
dynamic hea t ing .   In   th i s   repor t  we shall be  concerned  only w i t h  the  heating 
aspects.  

Up to   the  present   t ime,  atmosphere entry  speeds  have  been  sufficiently low 
tha t  aerodynamic heating  has  been  essentially a convective  process. Osborne 
Reynolds  long ago ( ref .  3) showed that  the  molecular  process  by which a f r i c -  
t i ona l   fo rce  i s  exerted on an  aerodynamic surface i s  d i r ec t ly   r e l a t ed  t o  t he  
process  by which heat  can  be  convected t o  that  surface.   In  consequence, it can 
be  shown ( r e f .  4) that   the  incremental   quantity  of  energy  in  the form of heat 
convected t o  an entry  vehicle,  6H, is r e l a t ed  t o  the  increment  in  time, E t ,  by 



the   proport ional i ty '  

6H - FV 8t  

where F i s  the   t o t a l   f r i c t iona l   fo rce   exe r t ed  on the  vehicle.  On the  other  
hand, the  incremental  change i n  kinet ic   energy  in   the same in t e rva l  i s  given by 

where D i s  the  t o t a l  drag  force  experienced  by  the  vehicle. It fo l lows  t h a t  

6H - 5 6E 
D 

Let   us   consider   that   the   ra t io  of t he   f r i c t ion   fo rce   t o   t he   d rag  remains 
essent ia l ly   constant .  The t o t a l  energy  in  the form o f  heat  convected t o  the 
vehicle  during  entry i s  then  proportional  to  the  total   kinetic  energy change 
which occurs  during  entry,  and, f o r  a vehicle which i s  not t o  be  destroyed on 
landing a t  the   p lane t ' s   sur face ,   th i s  t o t a l  kinetic  energy is  simply  the  kinetic 
energy of the   vehic le   a t   en t ry  t o  the  atmosphere. To minimize the  convective 
heating,  then, one must choose a vehicle  shape  with  the  smallest r a t i o  of f r i c -  
t i ona l   fo rce   t o   t o t a l   d rag   fo rce .  Thus one  chooses blunt  shapes for which pres- 
sure  drag i s  high,   in   order   that   the   drag  coeff ic ient  may be made as large as 
possible.  The  amount of heat   t ransferred by  convection  depends upon whether the  
boundary layer  i s  laminar  or  turbulent. A t  the   usual  Reynolds numbers character-  
i s t i c  of entry,  it i s  advantageous t o  have laminar f l o w .  Accordingly, one 
s t r ives  t o  maintain  such a f low.  Also most entry  bodies employ ablat ive  shields  
f o r  heat  protection.  In  part ,   ablative  systems are used  because  the  ablating 
vapors  fend o f f  the  air and so reduce  the  shear  in  the  boundary  layer  from what 
it would be in   t he  absence  of  these  vapors,  and,  hence,  the  convective  heat 
t r ans fe r  as well. Under optimum conditions  of  high  pressure  drag and low f r i c -  
t iona l   force ,   the   f rac t ion  of the t o t a l  kinetic  energy  convected t o  the   en t ry  
vehicle can be  kept  very low indeed - of the  order of 1/10 of 1 percent o r  l e s s .  

When, now, one considers  the  higher  entry  speeds  desired  in  the  future, one 
f inds  it d i f f i c u l t  t o  prevent   the  heat   t ransfer   for  a blunt  body  from increasing 
rapidly  with  increase  in  speed  because  convection i s  no longer  the  sole  important 
heating mechanism involved. I n  the  new speed  regime the  a i r  which enters   the bow 
shock layer  undergoes  such  high  molecular  excitations  that it becomes a powerful 
source  of  radiative  energy.  This  process i s  wel l   descr ibed  in   the  l i terature  
( e .g . ,   r e f s .  5 t o  10) .  A t  t h i s   po in t  it i s  only  necessary t o  note   that   the  most 
important  radiative  contribution t o  aerodynamic heating  varies  with  velocity  by 
as much a s   t he   f i f t een th  power and  almost d i r e c t l y  as the  density.  Hence, 
although  for  entry  at   near-Earth  satell i te  speed  the  radiative  contribution  for 
a blunt body i s  usual ly  t r i v i a l ,  it tends t o  become overwhelming a t  speeds  well 
i n  excess of Earth  parabolic  speed. One i s  led,   therefore ,  t o  re-examine  the 
e f f ec t  of vehicle  shape when radiat ive  contr ibut ions t o  heating  are  important. 

I A l l  symbols are  defined  in appendix A. 
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To this end,  consider  the  conical body shown i n   f i g u r e  2. As an entry  vehicle,  
it has  the  disadvantage of i t s  drag  coeff ic ient   being  less   than that f o r  an 
e s sen t i a l ly   f l a t - f aced  body so that ,   o ther   factors   being  equal ,  it must accept a 
larger  convective  heat load. On the other hand, the   rad ia t ion   per   un i t  of shock 
layer  volume depends  upon exc i ta t ion  of the   gas   in   the  shock layer  and so depends 
upon the  component of veloci ty  normal t o   t h e  bow shock.  This  radiation  varies 
as about   the  f i f teenth power of the s ine of t he  shock  angle. Thus, a t  s u f f i -  
ciently  high  entry  speeds,  a reduction i;n shock  angle, which increases  convective 
heat  input  but  greatly  reduces  the  radiative  heat  input,   can  provide a net  gain. 
Under these  conditions it i s  to   be  expected that an optimum cone angle   ex is t s   for  
any  given set of entry  conditions.  It i s  the  purpose of this  paper t o  analyze 
entry  bodies of conical  shape t o   f i n d   t h e s e   o p t i m .  The metric  system of u n i t s  
(kilogram-meter-second)  are employed throughout this analysis .  

ANAIJYSIS 

The r a t e  of energy  input  in  the  form of hea t   t o  an en t ry  body may be  writ ten 
( r e f .  11) 

dH1 
d t  2 
" - - C H ~ V ~ A  

A number of assumptions w i l l  be made t o  simplify  the  analysis.  The f i r s t  
two a re   t ha t  aerodynamic l i f t  i s  zero and that during  the  time  the  heating 
process i s  important,  the  deceleration i s  large compared t o  the  acceleration of 
gravity;   hence,   the  gravitational  effect   can  be  ignored.  In  this  case  the 
t r a j ec to ry  i s  essent ia l ly  a s t r a i g h t   l i n e   ( r e f .  4 )  so that  the  t ime  rate of 
change of a l t i t ude ,  Y,  i s  

dY 
d t  
" - -V s i n  y 

where y i s  the  f l ight-path  angle  as measured down f rom the  local   hor izontal  and 
i s  constant. The t h i r d  assumption i s  tha t   t he   a i r   dens i ty   i n   t he  atmosphere 
varies  exponentially w i t h  a l t i t u d e   ( s e e   r e f .  4, 11, o r  12). 

-PY 
P = m o  = P0e 

where i s  the  air  densi ty   in   terms of a reference  sea-level  density, po, and 
P i s  a constant. 

From equations ( 5 )  and (6)  then 

d t  = - d* - - 
V s i n  y PpV s i n  y 

(7) 
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The four th  and f i f t h  assumptions a re   tha t   the   d rag   coef f ic ien t  i s  constant, 
and t h a t   t h e  mass remains essentially  constant  during the entry.  Thus, f rom 
reference 4, 

where VE is  the  vehicle  speed a t  atmosphere en t ry  and B i s  t h e   b a l l i s t i c  
coeff ic ient  

CDPOA B =  
Dm s i n  y 

where m i s  the   en t ry  body mass. 

With equations (4), (7), and ( 8 ) ,  the  energy  input t o  the   en t ry   vehic le   in  
the form  of  heat f o r   t h e  whole en t ry  i s  

The to ta l   k ine t ic   energy  change during  entry i s  

E = - mVE 
2 
1 2  

since  the  f inal   speed a t  landing i s  zero f o r  a vehicle which i s  t o  land i n t ac t .  
Then equations (9), (lo), and (11) combined give  the  f ract ion of t h e   t o t a l  
k ine t i c  energy which appears  as  heat  to  the  vehicle, y,  as 

The s i x t h  assumption i s  tha t   the   hea t   sh ie ld  i s  the  ablat ion  type f o r  which 
mass l o s s  i s  only  by  the  process of sublimation o r  vaporization.  Let 5 be  the 
heat   required  to   br ing a u n i t  mass of ablator  f r o m  the  cold  state  through  vapori-  
zat ion  expressed  in   kinet ic   energy  uni ts   ( i .e . ,   in   uni ts  of square  of  velocity). 
Then the  mass l o s s  by  ablation  in  terms of the  entry  vehicle  mass w i l l  be  

We now proceed t o  determine  the  energy  fractions, y ,  as a function of entry  speed 
f o r  conical  bodies  under  the  assumption  (seventh)  that  the cone angle of the  con- 
i c a l  body remains  unchanged during  ablation. To t h i s  end we determine y as the  
sum of the  contributions due to  equilibrium  radiative  heating  (denoted by q e ) ,  

4 



the  nonequilibrium  radiative  heating  (denoted  by qn), and ei ther   the  laminar  
convective  heating  (denoted  by q 2 )  or the  turbulent  convective  heating  (denoted 
by q t ) .  The eighth  assumption i s  t h a t  each  contribution may be  calculated 
independently  of  the  other. Cases f o r  mixed laminar  flow and turbulent  flow  are 
not   t rea ted   bu t  the l imi t ing   e f fec t  of approach to  free-molecular  flow i s  
included. The drag  coefficient  used  in  the  evaluation of q is assumed t o  be 
the  Newtonian value (ninth  assumption) 

where  0c i s  the  half-cone  angle. Thus, base  pressure i s  ignored  since  the 
speeds of in te res t   a re   g rea t ,  and e f f ec t s  of f r i c t i o n  on drag are ignored on the  
presumption tha t   t he  cones of interest   are  never  slender enough t o  warrant  the 
complication of including  this   effect .  

Equilibrium  Radiative  Heating 

For the  purposes of th i s   ana lys i s  it has  been assumed ( t en th  and eleventh 
assumptions)  that   the  radiation  per  unit  volume from a shock layer  which i s  i n  
thermodynamic  and chemical  equilibrium i s  constant  throughout  the shock layer  
( i . e . ,  energy  depletion due to   r ad ia t ion  i s  ignored) and i s  nonabsorptive  within 
the   l ayer .  The equilibrium  radiation  (appendix B)  is ,  under  these  conditions, 
determined  solely  by  the  density, p, ahead of the  bow shock  and the  velocity 
normal t o  it. 

U = V s i n  €Iw (1-5) 

An examination of the  available  data  indicates  (see  appendix B )  t ha t   t he  
time rate of equi l ibr ium  radiat ion  per   uni t  volume of gas  cap  can  be  expressed 
approximately for t he  lower  speed  range 

&e q1 -P 
" 

dv 
- CelU p ; U < U 1 , 2  = 13,700 m/sec 

and for the  upper  speed  range 

&e " c $2 -P ; u > U1,2 = 13,700 m/sec 
dv - e2 

wherein 
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p = 1.80 

q, = 15.45 

The time rate of t he   t o t a l   equ i l ib r ium  r ad ia t ion  from the  shock layer  i s  

and  approximately  half of t h i s   r ad ia t ion  i s  received  by  the body surface,  i f  
there  i s  no su r face   r e f l ec t iv i ty .  Then the  equi l ibr ium-radiat ion  heat- t ransfer  
coeff ic ient  i s  

where 

v = m 3  b 
3 tan3 ec 

and 

A = firb 2 

while f o r   t h e  ARDC standard  atmosphere (ref.  13) 

PO 
= 1.225 &/m3 

I 
~ _ _  

"Properly,  the  value of CH, should be made zero  in  the  free-molecular 
flow regime but   the  s t rong dependence of qe on p in  equations  (22a) and (22b) 
makes the  contribution of t he   i n t eg ra l   t o  qe for   the   f ree-molecular   a l t i tudes  
negligible  for  vehicle  weights and sizes of usua l   in te res t .  
. 
6 
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where 

B 

Details of the   in tegra t ions  of equations  (22a) and (22b) are  given  in 
appendix B. The solut ion may be  given  in  the form 

wherein i s  a function of 8c (see appendix B and table I) and Ze i s  a 
function of Ve s i n  &,q (see appendix B and t ab le  11). 

Nonequilibrium  Radiative  Heating 

For the  purposes of th i s   ana lys i s  it has  been  supposed  that  the  portion of 
the shock  layer which i s  n o t   i n  thermo&ynamic and  chemical  equilibrium is  con- 
f ined   t o  a region so c l o s e   t o   t h e  bow shock wave t h a t  it may be  considered t o  
or ig ina te  at and be   p ropor t iona l   to   the  area of the bow shock wave. In   addi t ion,  
the  nonequilibrium  radiation  process is  regarded as one involving  binary colli- 
sions SO t ha t   t he   r ad ia t ion  i s  independent of air dens i ty   un t i l   "co l l i s ion  
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limiting"  occurs (see ref. 10 and  appendix C )  and i s  a function  only of t he  
veloci ty  normal t o   t h e  shock wave (see eq. (15) ) . Coll is ion  l imit ing i s  presumed 
to   begin  when 6 = and in   t he  regime f o r  which ,5 < cc2 the  nonequilibrium 
radia t ion  i s  considered t o  vary  directly  with  density.  When the  free-molecular 
flow  regime i s  reached (i. e, ,  when 6 < &), t h i s   r ad ia t ion  i s  s e t  t o  be zero .  
Thus, the t i m e  rate of nonequilibrium  radiation  per  unit  area of bow shock wave 
i s  given as 

&n 
" - 0 ;  
da 6 < Pfrn 

An examination of the   ava i lab le  data indicated  (see appendix C )  t h a t  

Cn = 0.74~10-~~ sec4/rn4 

&n E, = - a 
da 

and only  half of t h i s   r ad ia t ion  i s  received at the  vehicle   surface i f  the  surface 
r e f l e c t i v i t y  i s  zero. Then the  nonequilibriurn  radiative  heat-transfer  coeffi-  
c ien t  i s  

8 



where 

a = mb2 ( 
s in   t an2  EJC 

A = T C % ~  
while,  again, 

PO 
= 1.225 kg/m3 

so t h a t  from  equations ( 2 5 ) ,  ( 8 ) ,  and (14), equation (12) becomes 

where 

Cn 0.60~10-~~ sec4/rn4 

Detai ls  of the  integrat ion of equation (30) are   given  in  appendix C .  The  
solut ion may be  given  in  the form 

where Yn i s  a function of 0c (see  appendix C and t ab l e  I )  and  an i s  a 
function of B (see appendix C and t ab l e  111). 

Laminar Convective Heat Transfer 

Calculation of the  laminar  convective  heat-transfer  coefficients  as a 
function of velocity,  air  density, and  cone angle w a s  made by  the  procedure 
given i n  appendix D. 
t ransfer   coef f ic ien t  

In   t he  absence of ablat ion it i s  indicated  that   the   heat-  
may be  expressed as (sub zero  indicates no ablat ion)  

9 



where cz and j are functions of the   ve loc i ty  V. When vapor ablation  occurs, 
t he  vapor layer  fends  off  the air and so reduces  the  convective  heating. It i s  
assumed i n  th i s   ana lys i s  that for   ablat ion  ( twelf th   assumption)  

where az i s  an  asymptotic  lower l i m i t  when 

and Kz i s  a constant  depending upon the   ab la t ive   mater ia l  and can be  defined as 

wherein a2 depends upon the  molecular  weight of the ablating  vapors3 and I: i s  
the  heat  energy  per  unit  mss (expressed  in  kinetic  energy units of square of 
ve loc i ty)   requi red   to   hea t   the  ablator  from  the  cold state through  vaporization. 

As an approximation f o r  speeds  up t o  13,000 ,/sac, the   var iable  cz  and 
the  j values may be  replaced  by  the  constants  (see  appendix D )  

and at speeds  above 26,000 m/sec, the  var iables  can be approximated  by the  
constants 

j2 = 1.17 J 
The foregoing  applies  in a continuum flow  regime.  In  the  free-molecular 

f low  regime,  the  fraction of the   to ta l   k ine t ic   energy  which, converted t o  heat,  
appears as hea t   t o   t he   veh ic l e  i s  assumed t o  be one-half  (ref. 15 ) ;  t h a t  i s  t o  
say, in   the  f ree-molecular  f l o w  regime 

CD CH2 - 
2 (39) 

~ ~~~ ~ ~ ” .  . ~- ~ ~ . ”  

3The value of a2 i s  1/2 DL as defined  in  reference 14. 
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O f  course the continuum results (eqs. (33) and (34) ) only  apply when the  
Knudsen number ( r a t i o  of air  mean free p a t h   t o  body diameter) i s  very small com- 
pared  to  unity;   conversely,   the  free-molecular  result   (eq.  (39))  only  applies 
when t h e  Knudsen number i s  very  large compared to   un i ty .  A t r ans i t i on  from  one 
regime to   the   o ther   occurs  when t h e  Knudsen number i s  of  order  unity. Experiment 
has   ind ica ted   tha t   the   t rans i t ion  from one regime t o  the other i s  smooth (see, 
e.g., ref. 16).  For the present  calculations it was deemed adequate to   consider  
t ha t   t he  continuum result applied a t  a l l  air dens i t i e s   fo r  which 

Within  the  free-molecular  flow  range,  for  the s i z e s  and masses of entry  vehicles 
of i n t e re s t   i n   t h i s   ana lys i s ,   t he   ve loc i ty  can safely  be  taken t o  be  the  entry 
velocity,  VE. Thus the  continuum f low  resul ts  w i l l  be applied f o r  a l l  air  den- 
s i ty   ra t ios   g rea te r   than  

with 

E.1 = K1VE2 

and in  the  free-molecular  flow  range we take 

Finally,  then,  the  laminar  convective  energy  fraction may be wri t ten 

It i s  shown i n  appendix D t ha t   t he   so lu t ion  of equation (44) fo r   t he   en t ry  
speed  range up t o  13,000 m/sec may be  given  as 

11 



and, for the  entry speed  range  above  26,000  m/sec, as 

where 

Define 

G, = a t  VE = l3,OOO m/sec 

G2 = -qz2 a t  VE = 26,000 m/sec 

G3 = (i12, a t  VE = 13,000 m/sec) - (71 ,  a t  VE = 12,000  m/sec) 

G 4  = ( q I 2  a t  VE = 27,000  m/sec) - (v12 a t  VE = 26,000 m/sec) 

Then calculate  

bo = G 1  + 5 ( G 2  - GI) - 52G3 - 26G4 

bl = - tE)( G 2  - G I )  + 80G3 + 50G4 

12 



so t h a t   f o r   t h e  speed  range  13,000 m/sec < VE < 26,000 m/sec 

Turbulent  Convective Heat Transfer 

The analysis of appendix E shows t h a t  
turbulent   heat- t ransfer   coeff ic ient   can  be 

f o r  8c expressed  in  degrees of arc  and, 

f o r  V s i n  &,q 5 7,500 m/sec 

and f o r  

i n   t h e  absence of ablat ion  the 
expressed  with  reasonable  accuracy  by 

C t  = C t ,  = 8.80~10-~ mo'148(deg)-1(m/sec)-0'66 

k = k l  = -0.66 I 
V s i n  C Q  > = 7,500 m/sec 

C t  = C t 2  = 1 . 3 5 ~ 1 0 - ~  m0"-48(deg)-1(m/sec) 
(51b) 

k = k2 = 0.16 

The e f f ec t  of vapor ablation  to  reduce  the  turbulent  convective  heat  transfer can 
be assumed in   the  form (twelfth  assumption) 

wherein q depends upon the  molecular  weight of the  ablat ing vapors." 

. . ~ ~  ~ . . - . .~ . .  .~ . . ~ ~  . .  

*The value  of at = 1/2 P t  as defined  in  reference 14. As  suggested i n   t h e  
reference, we sha l l   use  cy; = l/3 a1   i n   t h i s   r epor t .  



As i n   t he   ca se  of laminar  flow, one properly  should  consider  separately the 
free-molecular  flow  regime. However, the interes$ing  turbulent  f low  cases are 
those   for  which B i s  small (no more than a f e w  hundred a t  most ) .  With t h i s  
r e s t r i c t i o n   t h e  presumption t h a t   t h e  continuum  regime extends  up t o  en t ry  con- 
d i t ions  (6 = 0) in   ca lcu la t ing   the   hea t   t ransfer   l eads   to   negl ig ib le   e r ror .  

Then equation (12) g ives   for  

s i n  .Gw 

while f o r  

where i n  

It i s  shown i n  appendix E that the  energy  fraction may be given i n   t h e  form 

wherein Y t  i s  a function of Qc (see appendix E and t ab le  I ) ,  Ot i s  a function 
of  B (see appendix E and t ab l e  111) , and, f o r  given  values of a t  and K t ,  A t  i s  
a function of both VE and 8,  (see appendix E and t ab le  V ) .  The second  term i n  
equation (55)  w i l l  only  be  important when t h e   b a l l i s t i c  parameter; B, i s  very 
small. 

14 
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RESULTS 

The  analysis  of  the  preceding  section  was  used  to  compute  by  IBM 7090 the 
heat-transfer  characteristics  of  conical  entry  vehicles  entering  the  Earth’s 
atmosphere.  Since  the  analysis  requires  attached bow shock  waves  which  limit 
the  maximum  cone  half  -angle  to  about 55O, results  at  larger  angles  are  shown by 
dotted  curves  in  all  the  figures  to  follow.  The  calculations  have  been  carried 
out for a 1-meter  base  radius. In one  case  the  heat  shield  was  assumed  to  be 
composed  of a low  temperature  ablator  having  the  assumed  characteristics  of  sub- 
liming  Teflon,  and a high  temperature  ablator  having  the  assumed  characteristics 
of  vaporizing  quartz. For the  Teflon  the  characteristics  assumed  are 

5 = 2.2~10~ m2/sec2 1 
KI = 12x10-~ sec2/m2  (for al = 0.26) 

= 4x10-‘ sec2/m2  (for 9 = 0 .O9) 

a2 = at = 0.1 

For the  quartz  the  characteristics  assumed  are 

5 = 16x10~ m2/sec2 

Kl = 1. 5x10’8 sec2/m2  (for a2 = 0.24) 

Kt = 0. 5x10e8 sec2/m2 (for a,t. = 0.08) 

a1 = at = 0,l 

I 

I 
(57) 

The  choices of 1x2, at,  and 5 were  based  upon  available  literature (e.g., 
refs. 14 and 17). The  choices f o r  al and  at  are  based  on  the  knowledge from 
experiments  with  Teflon  (ref. 18) that  the  asymptote is not  zero  (as  predicted 
by  the  usual  theories).  The  asymptotic  value  is  probably a function  of  molecular 
weight  and  thermal  conductivity  at  least,  and  is  probably  different  for  laminar 
and  turbulent  flow.  Values  from  experiment  range  from 0.05 to 0 .2 .  The  choice 
of 0.1 is  an  arbitrary  one. 

Laminar  Flow 

The  analysis for all  laminar  flow  during  vehicle  descent  (excepting  free- 
molecule  flow  at  entry)  is  probably  restricted  to  those  cases  for  which  the max- 
imum  Reynolds  number  does  not  reach  too  large  values.  This  condition  is  only 
fulfilled for the  larger  values  of  the  ballistic  parameter  (B  of  the  order  of 
hundreds or thousands)  and  the  results  presented  are so restricted.  It  is  well 
to  treat,  first, a single  case  to  illustrate  the  typical  effect  of  increasing 
entry  speed  on  the  variation  of  the  contribution  of  radiative and convective 



hea t ing   t o   t he   t o t a l ,  Such an example i s  given i n  figure 3 f o r  which the   en t ry  
body has a cone half  -angle G f  30°, a b a l l i s t i c  parameter of 200, and a Teflon 
head shield.  A t  low entry  speeds  the  convective  transfer dominates  and i n   t h i s  
range   the   to ta l   energy   f rac t ion  fa l l s  with  increase  in  entry  speed  because 
(eq. (34) ) the   effect iveness  of ablation  to  reduce  the  convective  heat-transfer 
rate i s  assumed t o  improve with  increasing  speed and because C H ~ ~  diminishes 
(above 10 km/sec) w i t h  increasing  speed. A t  the  higher  entry  speeds,  the radia- 
t ive   hea t ing  rises rapidly  with  speed so t h a t  the t o t a l  energy f rac t ion   exhib i t s  
a minimum. Note tha t   the   cont r ibu t ion  of  the  noneguilibrium  radiation  to  the 
t o t a l  energy f r ac t ion  i s  very small and could w e l l  be  ignored.  This  observation 
appl ies   general ly   to  a l l  cases of i n t e re s t .  

Consider  next  the more general  case  wherein  the  ballistic  parameter i s  f ixed  
but we vary  the cone half-angle  over a wide range. The energy  fractions  as a 
function of entry  speed  are  then  typically  those shown in   f i gu re  4 f o r ,  again, a 
b a l l i s t i c  parameter of 200 and a Teflon  heat  shield. The envelope  values  giving 
the  minimum energy  fraction  as a function  of  entry  speed  are shown by  the  dashed 
curve. 

If now we consider  various  values  of B appropriate  to  laminar f low,  we 
can  determine a series of envelope  curves. Such envelopes  are shown i n   f i g -  
ure 5 (  a) f o r  a Teflon  heat  shield and i n  f i s r e  5 (b )  f o r  a vaporizing  quartz 
heat shield.  It is seen that, a t  any entry  speed,  lowering  the  ball ist ic  coeffi-  
cient  diminishes  the  energy  fraction. 

Turbulent Flow 

The analysis f o r  the  turbulent  flow  case made  no allowance f o r  any  laminar 
flow which i s ,  of course,   unreal is t ic .  However, it i s  expected that the er rors  
resu l t ing  from f a i l u r e  t o  a l low  for  any laminar f l o w  w i l l  be  unimportant if the  
maximum Reynolds number occurring  during the f l i g h t   t r a j e c t o r y  i s  very  high. 
Thus we can presume tha t   t he  "all tu rbulen t"   resu l t s  w i l l  b e   r e a l i s t i c  i f  the  
b a l l i s t i c  parameter i s  small - say of the  order  of 20 o r  l e s s  - but w i l l  be i n  
error   by unknown magnitudes for  larger  values.   Accordingly,   the  results  pre- 
sented  are   res t r ic ted t o  the  smaller  ball ist ic  parameters.  As f o r  the  laminar 
case it i s  well, f i r s t ,  t o   i l l u s t r a t e   t h e   t y p i c a l   e f f e c t  of increasing  entry 
speed on the  var ia t ions of the  contr ibut ion of rad ia t ive  and convective  heating 
t o  t h e   t o t a l .  Such an example i s  given i n   f i g u r e  6 f o r  which the  entry body has 
a cone half  -angle of  30°, a b a l l i s t i c  parameter of 20, and a Teflon  heat  shield. 
The var ia t ion of the  energy  function  with  entry  speed i s  seen t o  be similar t o  
t h a t  f o r  the  laminar  f low  case  (fig . 3) and f o r  the  same reasons. Again, it 
should  be  noted  that the contribution of nonequilibrium  radiation  to  the t o t a l  
i s  very small and could  well be ignored. As for the  laminar  case,  this  observa- 
t ion   appl ies   genera l ly   to  a l l  cases  of  interest .  

Consider,  next,  the more general  case  wherein  the  ballistic  parameter i s  
f ixed  but  we vary  the cone half-angle  over a wide range. The energy  fractions 
as a function of entry  speed are typical ly   those shown i n  figure 7 f o r  a 

16 



b a l l i s t i c  parameter of 20 and a Teflon  heat  shield. As before,  the  envelope 
values are given  by  the  dashed  curve. 

If, now, we consider  various  values  of B which may be  appropriate   to  
turbulent  flow, we can  determine a series of envelope  curves. Such  envelopes 
are shown i n   f i g u r e  8 (a) f o r  a Teflon  heat  shield and i n   f i g u r e  8 (b ) f o r  a 
vaporizing  quartz  heat  shield. It i s  seen that at any entry  speed,  the  energy 
f r ac t ion  is  again  diminished  by  lowering  the  ball ist ic  coefficient.  

DISCUSSION 

In  the  fol lowing,   the  sal ient   features  of t he   r e su l t s   fo r   t he   l amina r  and 
turbulent  flow  cases are considered  separately and then compared. F ina l ly ,   the  
important  assumptions made in   t he   ana lys i s  are reviewed t o   a s s e s s   t h e i r  adequacy. 

Laminar Flow 

In  figures 5( a )  and 5(b)  it i s  c l e a r   t h a t   t h e  least energy  fraction i s  
obtained  by making t h e   b a l l i s t i c  parameter as small as possible.   Since  the maxi- 
mum f l i g h t  Reynolds number var ies   inversely  with  the  bal l is t ic   parameter   (see 
appendix F) and s ince  there  i s  probably an upper l i m i t  t o   t h e  Reynolds number 
which  one can  allow  and s t i l l  enjoy  laminar  flow f o r  t h e  whole of the   t ra jec tory ,  
then it follows  that   there i s  some m i n i m   b a l l i s t i c  parameter a t  any given  entry 
speed which  can be  permitted if  t he  assumption  of  laminar  flow  over  the whole 
t r a j ec to ry  i s  t o  apply. 

A t  lower  supersonic  speeds  than we consider  here,   there i s  some support f o r  
the  contention  that   there i s  some l imit ing Reynolds number (denoted  hereinafter 
as Relim) above  which one cannot  expect t o  maintain  laminar  flow. It i s  
probable  that   in  this  high-speed  region  Relim  varies  with  free-stream  enthalpy 
and with  the  composition of the  ablat ion material.5 

We have assumed from  experience  with  nonablating  surfaces a t  lower  speeds 
t h a t  a maximum Reynolds number based on local  surface  f low  conditions of lo7 can 
be  reached  before  turbulence  occurs. However, we w i l l  show the   e f f ec t  of increas- 
ing or decreasing  this   l imit ing Reynolds nurriber by  presenting results f o r  l i m i t  
Reynolds numbers of 2x107 and 0 . 5 ~ 1 0 ~  as w e l l .  The analysis  of appendix F gives 
the r e l a t ion  between the  cone half-angle ,   the   bal l is t ic   parameter ,  and the   en t ry  
speed f o r  an a rb i t r a ry  limit Reynolds number. The  optimum values of b a l l i s t i c  

~ . "~ . . . ~" 

% O t  only is it probable   that   th is   l imit ing Reynolds number will be in f lu -  
enced  by  the  molecular  weight of the  ablated vapor but it i s  most l i k e l y   t o  
depend  upon the  uniformity of the ablative process. For example, one expects a 
composite  ablator,  such as a p l a s t i c  impregnated  fibrous material or a charring 
ablator ,   by  vir tue of t he   j e t - l i ke   i n j ec t ion  of vapor  from  such a surface,   to  
behave d i f fe ren t ly   than  some ablator  such as uniform  Teflon which should  be  free 
of such j e t t i ng .  
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parameter,  cone  half-angle, and  energy f r ac t ion  as a function of entry  speed were 
found in   the  fol lowing way: For a series of entry  speeds, VE, base r a d i i ,  rt,, 
ablation  asymptotes, 0 2 ,  and ablation  constants,  KT, energy  fraction, 7 ,  was 
p lo t ted  as a function of  cone half-angle,   8c,   for  various  values of the b a l l i s t i c  
parameter, B. (An example i s  shown by the   so l id   cu rves   i n   f i g .  9. ) On these same 
plots   the  values  of B and  8c  corresponding t o  limit Reynolds numbers of O.5x1O7, 
lo7, and '&lo7 were located and the  corresponding  curves  of 7 as a function of 
0c were constructed  from which  one can  determine  the optirrmm values of energy 
f rac t ion ,  vopt and the  corresponding  values  of  ballistic  parameter, Bop%, and 
cone angle, @Copt. (For the par t icular   case  given  in   f igure 9, these are shown 
by  the  dotted  curves. The lowest values of correspond t o  Topt.)  From the  
t o t a l  complex of p lo t s ,  it was then  determined  that f o r  the  range  of  variables 

2x10-8 - sec2 5 K2 l 5 ~ l O - ~  - sec2 
m2 m2 

t he  optimum could be expressed  approximately  by 

J 

vopt - fopt (Relimx10 -7 ) rb0.044(1~02) - -0.281 0.310 
(KZX108) 

-0 276 
(59) 

where the  values of Topt, @Copt , and (Z//yb )opt are  the  functions of entry  speed 
given i n  figure 10 and  correspond  by  definition t o  values o f  qopt, @Copt, and 

- 

(Bhb )opt when I 
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A f a c t  of considerable  importance i s  t h a t  when the  energy  fraction i s  
optimum, the  convective  contribution i s  the   p r inc ipa l   par t  of the  total ,   approxi-  
mately 0.87 50.02. Thus it i s  important t o  know the  convective  contributions 
with  an  order of magnitude greater  accuracy  than  the  equilibrium  radiation. The 
nonequilibrium  radiation i s ,  as noted  ear l ier ,  a t r i v i a l   con t r ibu t ion   t o   t he  
t o t a l .  Other  points  to  note  about  these  optima  are  the  following: 

(1) The  optimum energy  fraction i s  insens i t ive   to   the   vehic le   s ize  (9) and 
can  be  approximately  given as 

so that  other  factors  being  equal  the optimum energy  fraction i s  unfavorably 
affected  by improvement in   the   hea t  of ablat ion as shown in   f i gu re  11, as would 
be  expected  (eqs. (34) and ( 3 6 ) ) .  

The  optimum mass loss r a t i o  i s  given  (eq. (13) )  by the  approximation 

The parameter 

i s  p lo t t ed   i n   f i gu re  12  as a function of VE. 

From the  foregoing it i s  seen that although  vaporizing  quartz, a high- 
temperature  ablator,  has a heat of ablation  about  eight times that  for  Teflon, 
a low-temperature  ablator,  the mass loss for   quartz  i s  only  about  one-fourth 
that   for   Teflon.  These materials  are compared in   f igure  1 3  wherein a l i m i t  
Reynolds number of lo7 i s  assumed.  Note t h a t   a t   t h e  optimum conditions one can 
keep  the mass loss t o   t he   o rde r  of  10 percent o r  less f o r  speeds  well  in  excess 
of  escape  speed. 

(2 )  With reference t o  the  optimum cone half-angle, we note   that  it i s  
e s sen t i a l ly  independent of a l l  factors  except  the  entry speed and tha t  

As seen i n   f i g u r e  10, then,  the optimum conical  bodies  are  not  slender  ones. 
Even a t  an entry  speed of 30 lun/sec, t he  optimum cone half  -angle i s  25’ of arc .  



(3) Concerning the  optimum b a l l i s t i c  parameter we note   tha t  it varies  almost 
d i rec t ly   wi th   the  base radius,   nearly  inversely w i t h  the  l imit ing Reynolds number, 
and i s  e s sen t i a l ly  independent of other  factors  except  entry  speed. Thus 

The f a c t   t h a t  B/q,  appears as the   bas ic   var iab le  should not be surprising. As 
noted  earlier  nonequilibrium  radiation i s  a t r i v i a l   c o n t r i b u t o r   t o   t h e  t o t a l  
heating.  Equilibrium  radiation  (eq.  (24) ) var ia t ion  i s  

-0 .8 

ve BO' 

while laminar  convection  (eq. (45)  o r  (46) ) i s  directly  determined  by B/rb.  

With reference  to  the ( B / q ) o p t ,  there   a re  some important  connotations  to  be 

made regarding  trajectory  angles,   Since 

2 

CDPOA 2p0A s i n  eCopt 
Bopt = ( ) = Bm s i n  y opt Pm s i n  y 

and since 

" 

eCopt - eCopt 
- 

while 

where i s  the  average  density of the  entry body, then   for  

PO 
= 1.225 kg/m3 

p = -  1 m-l 
7 000 

we get 
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or, at optimum, 

and the r i g h t  side of this expression i s  a function  only of the  entry  veloci ty  
and  Reynolds nwriber l i m i t .  The r e l a t ion  i s  shown i n   f i g u r e  14. Let us now 
review  values of the  product pbr s i n  y which a re   t yp ica l  of entry  vehicles.  b 

For current manned vehicles  the  order of values  for  density,   base  radius,  
and t ra jectory  angle  i s  

so tha t  

so t h a t  one expects that over  tpe  l ikely  range of entry  speeds  permitted by entry 
load  considerations - say, less   than  20 km/sec ( see   re f .   2 )  - there  may not be 
difficulty  in  maintaining  laminar  f low  in  the boundary layers .  O f  course,  the 
small values of y which are  rgquired from  load  considerations demand the  use of 
lift in  order   to   hold  the  vehicle   in  an earth  curvature  f l ight  path.   Half-cone 
bodies  (see, e . g . ,   r e f .  19) sugeest  themselves  for  such  applications. Moreover, 
it should  be  noted that the  anagysis  given  herein f o r  the  aerodynamic heating of 
conical  bodies  is   predicated upon the  assumption of constant y t r a j e c t o r i e s  
and,  hence,  can  only  be  considered a crude  approximation f o r  shallow-angle 
en t r i e s .  

For unmanned space  probes  the  vehicle  density w i l l  be  about that f o r  manned 
vehic les   bu t   the   s ize  w i l l  generally  be  less  (say,  = 0.5 m) ,  and the  vehicle 
load  consideration w i l l  usually  permit  steep  descent  ( i .e. ,   sin y up t o   u n i t y ) .  
Steep  descent removes the   necess i ty   for  employing l i f t  during  entry  while freedom 
in  the  choice of y may greatly  ease  the  guidance  problem  prior  to  entry. How- 
ever, i f  we intend t o  maintain  laminar  flow  over  such  vehicles, we  may be  forced 
t o  r e s o r t   t o   f l a t   t r a j e c t o r i e s   e x c e p t   f o r  low entry  speeds,  as  seen  by  the 
r e s u l t s  shown  on f igure  1.5 which give  the maxim entry  angle  as a function of 
entry  speed  for   typical   vehicle   quant i t ies  ( q, = 250 kg/mS, rb = 0.5 m) . As 
vehicle  size  increases,   the  probable  trend w i t h  time, the  choice of entry  angle 
can become even more s t r ingent .  Thus, even for  instrument  probes, we  may des i re  
f l a t   t r a j ec to r i e s   a t   t he   h ighe r   speeds  - but  not  because of l oad   r e s t r i c t ions .  
It must be remembered, however, that these  conclusions  are  based upon the  dubious 
assumption t h a t   t h e  maxim Reynolds number permitted  for  laminar  flow is  of the  
order of lo7. The need f o r  high-speed  laminar-flow  research i s  clear ly   evident .  
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Turbulent Flow 

As for  laminar  flow if one i s  t o  minimize the  energy  f ract ion one must 
employ the  lowest   bal l is t ic   parameter   that   can be permitted,   particularly at the 
higher  speeds (see f i g s .  8( a) and 8(b)  ) . However, it should  be  noted at the   ou t  - 
set t h a t  one cannot   indefini te ly   reduce  the  bal l is t ic   parameter  and s t i l l  recover 
the vehicle  intact .   In  the  absence of auxiliary  drag  devices  (drag  brakes,  para- 
chutes,   etc.  ) for  terminal  deceleration,  the impaet  speed (see eq. (8) ) i s  

Vo = VEe -B 1.2 (77 1 

so  that  values of B upward of 10 must be set as a lower limit. With auxi l ia ry  
drag  devices,  this  lower limit might  perhaps  be  halved. Even a t  these  very low 
values  of  the  ball ist ic  parameter the turbulent  energy  fractions  (see  f igs.  8( a)  
and 8 ( b ) )  are not as low as can  be attained  with  laminar  f low f o r  l i m i t  Reynolds 
nurribers of the  order of lo7. For the  turbulent  case,  as f o r  the  laminar, when 
conditions are optimum, the  convective  heating i s  the  dominant cont r ibu t ion   to  
t h e  energy  fraction. Again, the  optimum cone half-angles are not small even a t  
very  high  speeds. 

I n  comparing the  optimum energy  fractions f o r  turbulent  flow  with  laminar 
flow it should  be  noted  that  the  turbulent  values  are an order  of  magnitude 
higher   ( the  ordinates  of f i g s .  8( a) and 8(b)  are expressed  in  percent  while  those 
of f i g s .  5( a) and 5(b) a re   t en ths  of percent).   This  disparity i s  forcefu l ly  
demonstrated i n   f i g u r e  16 wherein fo r   t h ree   en t ry  speeds, optimum energy  fraction 
i s  p lo t ted  as a function of the  bal l is t ic   parameter .  (Note the  lower  ends of t he  
laminar  curves  represent a Reynolds number l i m i t  af lo7 and tha t   the   do t ted  
curves  are   arbi t rary  fa i r ings  to   indicate  how the  turbulent  and laminar might 
j o in . )  It i s  clear  that   laminar f l o w  i s  t o  be sought  even if the l i m i t  Reynolds 
numbers are low. Figure S7 shows the  corresponding  variations of optimum cone 
half-angles  with  entry  speed and b a l l i s t i c  parameter  and  again  emphasizes t h a t  
t he  optimum angle i s  only,  in  essence,  dependent on velocity.  

Review of  Assumptions 

In   t he   ana ly t i ca l  development m y  assumptions were made. While a nurriber of 
these are c l ea r ly   va l id  approximations  there  are many that  should  be  reviewed t o  
ascer ta in ,   in   re t rospec t ,   the i r  adequacy. Discussion  of them i s  given  in   the 
following: 

(1) The assumption tha t   f l igh t   pa th   angle  i s  constant, which was made f o r  
the  purpose  of  simplifying  the  analysis, i s  generally  admissible when the  entry 
t r a j ec to ry  i s  s teep   ( see   re f .  1 2 ) .  However, f o r   m n e d   v e h i c l e s  and for   h igh-  
speed  probes which may enjoy  laminar  flow  the  assumption i s  n o t   s t r i c t l y  admis- 
s i b l e  so t h a t  t h i s  r e s t r i c t i o n  must be  borne i n  mind in   i n t e rp re t ing   t he   r e su l t s  
which  have been  given.  In any event   the   res t r ic t ion  does  not  invalidate  the 
conclusions when considered  in a comparative  sense. 
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(2)  The assumption t h a t   t h e   b a g   c o e f f i c i e n t  i s  constant demands t h a t  the 
body not  be  slender and t h a t  no shape  change  occur  during  entry. %'.;a have  already 
seen  that  optimum bodies are, in   fac t ,   no t   s lender  so t h a t  from t k i s  aspect the 
assumption i s  val id .  However, the  process of ablat ion will tend   t o  promote a 
shape  change which, as w i l l  be shown later, can  and mst be minimized so t h a t   t h e  
assumption i s  therefore   val id  w i t h  t h i s   r e s t r i c t i o n ,  

(3) The assumption tha t   ab la t ion  i s  either by  sublimation or vaporization  of 
the surface i s  generally an acceptable one f o r  low-temperature  ablators  but  can 
be  ser iously  in   error   for   high-temperature   ablators .  Quartz, f o r  example, would 
experience  considerable   ablat ion  in   the  l iquid  s ta te   unless   the  heat- t ransfer  
rates were very  high  and of short  t o t a l  duration, as during  s teep  t ra jector ies .  
Thus the   resu l t s   g iven   for   quar tz  might be  appropriate   for   the  turbulent   f low 
cases  discussed  but  surely  underestimate  energy  fraction and x s s  loss f o r   t h e  
laminar  ones (see ref.  1 4  f o r   a c t u a l  performance  of  quartz a t  low heat rates). 
Finally,  it should  be  noted  that  for  very  high  heat  -transfer  rates,  there i s  con- 
s iderable   danger   that   ablat ion  in   the  sol id  state may occur as a r e s u l t  of s t ruc-  
tural  f a i l u r e  due to  excessive  thermal stress within  the  ablator.  Stony  meteor- 
oids commonly experience  s t ructural   fa i lure   during atmosphere entry  (see ref. 20 
and a l so  ref. 21   for  a par t icular ly   spectacular  example) which may r e s u l t   i n   p a r t  
or i n  whole f rom excessive  thermal stress. Many of the  ablative  heat  shields 
which have  demonstrated  excellent  performance t o  date may not fare too  well  under 
the  more severe  service we have considered  here. 

( 4 )  The assumption i s  made t h a t   t h e  mass l o s t  by  ablation  during  entry i s  
small compared t o   t h e   e n t r y  mass. The r e s u l t s  show ( f i g ,  13) t h a t  h / m  smaller 
than  about 0 .1  i s  obtained  over a considerable  range  of  entry  speeds. For t h i s  
range the assumption i s  therefore   val id .  

( 5 )  The assumption that no cross  coupling  (ref.  22) of rad ia t ive  and  convec- 
t ive  heat   t ransfer   occurs  w i l l  Gertainly  be  an  acceptable one f o r   t h e   r e s u l t s  
which have  been  given f o r  near-optimum cases  since, as has  been shown, in   these  
cases  convective  heating  dominates.  Since  the  energy loss from the  shock layer  
by  radiat ion i s  small it cannot  have  an  important  effect on the  convection. A t  
conditions away from optimum, coupling may become  more important,  but  such  con- 
d i t ions  are not of in te res t   for   the   p resent   s tudy .  

(6)  The assumptions that  energy  depletion due to   rad ia t ion  i s  t r i v i a l  and 
t h a t  no reabsorption  of  radiation  occurs  within  the  gas  cap are generally  accept- 
ab le   for   the  more interesting  case  considered ( i . e . ,  f o r  near-optimum bodies) 
s ince  the  energy  f ract ions are then small. 

(7) The assumption t h a t  some l imit ing Reynolds number ex i s t s  below which one 
expects  laminar  flow i s  open to  serious  doubt, as has  been  pointed  out earlier. 
This  assumption i s  based on the  experiences  obtained  from  tests at far lower 
speeds  than are considered  in  this  paper.   Clearly,  some important  research  can 
and must be done on t h e   s t a b i l i t y  of laminar  flows at high  speeds. A similar 
coment   appl ies   to   the assumed formulation  (eqs. (34) and (52) ) f o r  the r a t i o  of 
convective  transfer  in  the  presence of a b l a t i o n   t o   t h a t   i n  i t s  absence. 



(8) Finally,  the assumption t h a t  no shape  change  occurs  during  entry 
requires  considerable review, f o r  it i s  in   con t r ad ic t ion   t o   t he   f ac t   t ha t   t he  
heat- t ransfer  rate is  not  uniform  over a conical  surface  during  those  portions 
of the t r a j ec to ry  where heating i s  very  important (i. e., i n   t h e  continuum flow 
regime).  In continuum  flow, particularly  for  the  laminar  case,   the  convective 
heat- t ransfer  rate varies from  large  values a t  the  apex  of a cone t o  small values 
at t h e   s k i r t .  Thus the cone tends   to  be a b l a t e d   t o  a round-nosed  near-cone  with 
increased cone half-angle.  If the  entry  speed is  high,  the rounded  apex,  pro- 
moted by  the  convective  heating  variation  along  the cone, becomes f la t tened   by  
the  radiat ive  heat ing  contr ibut ion a t  the  lower  a l t i tudes.  The f l a t t ened   f ace  
now ablates rapidly  because of the  near-normal  shock  conditions at t h e  bow, 
and the  mass loss, if the  entry  speed i s  high, w i l l  be much g r e a t e r   f o r   t h e  
ablated shape  than it would have  been if  shape  change  had  been  prevented. Thus 
such  adverse  changes  in body shape must be prevented if the  advantages of conical 
bodies are to   be  real ized.   This  problem i s  the  subject  of the  following  section. 

The Problem of Shape Change 

To i l l u s t r a t e  how the  shape of an i n i t i a l l y   c o n i c a l  body  changes w i t h  time 
as t h e   r e s u l t  of var ia t ions   in   hea t - t ransfer   ra te   a long  the surface, a Teflon 
cone was subjected t o  laminar  convective  heating  in  an  arc-jet  f l o w  of moderate 
enthalpy. (The arc- je t   f low  charac te r i s t ics  and descr ipt ion of the models used 
in  these  experiments  are  given  in appendix G . )  Photographs of the  body i n i -  
t i a l l y  and a t  18 seconds after the  establishment of a i r  f l o w  are shown i n   f i g -  
ure  18. The progression of shape change i s  shown i n   f i g u r e  19. Flat tening does 
not  occur  in  this  experiment  because  the  enthalpy of the  stream i s  not  high 
enough for   rad ia t ive   hea t ing  t o  be  significant  (the  stream  enthalpy  corresponds 
t o  a f l igh t   ve loc i ty   l ess   than  3 km/sec) . 

If the  entry  speed of a vehicle i s  only  sl ightly  greater  than  parabolic 
speed - say 12 km/sec - the  penalty f o r  shape  changes similar t o  t h e   i n i t i a l  
changes shown in   f i gu re  19 w i l l ,  a t  the  worst, be small because, as rounding of 
t he  apex occurs  in  an  actual  flight,  the  speed  diminishes enough tha t  normal 
shock radiative  heating,  because of i t s  g rea t   s ens i t i v i ty  t o  speed, w i l l  not 
cause  excessive  additional  ablation. 

It i s  anticipated  that   such w i l l  not be the  case if the  entry  speed i s  some- 
what higher - say 1 4  km/sec. In   th i s   case  one  might prof i tab ly  employ a near- 
conical body having a cusped  apex,  such as shown in   f i gu re  20( a) . This shape was 
formed  by  adding t o   t h e   o r i g i n a l  cone i n   t h e  axial direction  an amount of  Teflon 
very  nearly  proportional  to  the  inverse  square  root of the local   radius  of t he  
cone.  Figure 20 corresponds t o   t h e  c = 0.1 case  (see  appendix G f o r  shape  equa- 
t i o n ) .  When t h i s  cusped  shape was subjected  to  the  heating of t he   a r c   j e t ,   t he  
changes i n  shape  with  time were those shown by the  photographs  and the  measured 
ordinates of f igures  20 and 21, respectively.  One other  cusped  shape  correspond- 
i n g   t o  c = 0.3 was a lso   t es ted .  The corresponding  changes i n  shape  with  time 
are shown by the  photographs and  measured ordinates of f igures  22 and 23. Com- 
paring  the  ablation of the  cusped  bodies  with  the  ablation of t he  cone, one sees 
tha t  a t  any  given time after the  commencement of heating,  the  nose  radius i s  l e s s  
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the   greater   the  cusp ( i .e . ,  the l a rge r   t he  value of   c)  . Thus f l igh t   vehic les  
having  such  cusped  shape  might  be  used f o r  somewhat higher  entry  speeds  than 
would be tolerable   with a cone. 

The stratagem of cusping  cannot  be  expected t o   b e  a sat isfactory  solut ion a t  
entry  speeds  well  in  excess  of  earth  parabolic  speed. It was reasoned  that   for 
such  cases one must employ an  auxiliary  coolant a t  the  apex t o  prevent  drastic 
shape  changes. For example, one might cool  the cone by t ranspi ra t ion  of a gas 
through  porous walls at the apex (see, e. g., refs . 23 through  25) o r  by  feeding, 
a t  an  appropriate  rate, a f l u i d  or a solid  ablator  through a hole at the  apex. 
To invest igate   the performance of such  an  apex  cooling  system,  the  Teflon models 
shown i n   f i g u r e s  24, 25, and 26 were constructed and t e s t e d   i n   t h e   a r c - j e t  wind 
tunnel (see appendix G ) .  The apexes of these models have  holes of t h ree   d i f f e r -  
ent  sizes  through which Teflon rods of the  same diameter as the  holes  could  be 
fed  during  the  tes ts .  Time-sequence  photographs  of the  models dur ing   the   t es t s  
a r e  shown in   f i gu res  27, 29, and 31. The model dimension  changes  with time and 
the  feed r a t e s   f o r   t h e  rods are   given  in   f igures  28, 30, and 32. The remarkable 
f a c t   t o   n o t e  i s  t h a t   t h i s  scheme permits  the  ablation of the  conical body t o  
occur  with  but small change i n  shape of the  cone surface. These t e s t s   i nd ica t e  
tha t  such schemes may be  very  a t t ract ive  for   appl icat ion t o  vehicles a t  high 
entry  speeds. An in t e re s t ing   f ac t  of these  par t icular  tests i s  tha t   t he  mass of 
rod fed  per  unit   t ime was e s sen t i a l ly  independent of rod diameter.  This  suggests 
that   only small diameter rods need  be  used so tha t   t he  mass penalty due t o  rod 
ablation  .result ing f rom normal shock radiat ion a t  the  face of the  rod, which 
varies  roughly as the cube of t he  rod diameter,  can  be  kept small. Of course, it 
must be  noted  that   the  arc-jet   test   conditions  are  considerably  different from 
those which would occur i n   f l i g h t  and  could,  therefore,  not  be  representative  of 
high  entry  veloci t ies .  The results  are  nevertheless  encouraging  that  some 
so lu t ion   to   the  shape-change  problem  can  be effected.  

CONCLUDING REMARKS 

The analyses employed in   t h i s   s tudy   a r e   c l ea r ly  of an  approximate  nature SO 

that   the   resul ts   should be regarded as comparative  rather  than  absolute. The 
r e s u l t s  do point up fu ture  problems of importance f o r  high-speed  entries. Some 
sa l i en t   f ac to r s   t o   no te  are the  following: Laminar boundary-layer f lows  on 
veh ic l e s   r e su l t   i n  an  order of  magnitude l e s s  mass l o s s  than  turbulent  flows a t  
reasonable  reentry Reynolds  numbers. Much research on t h e   s t a b i l i t y  of laminar 
flows at hyperbolic  entry  speeds must be done in   th i s   regard .  For optirmun coni- 
cal   vehicles,   convective  heat  transfer i s  an  order of magnitude more important 
than  radiat ive  heat   t ransfer ,  so tha t   to   p roper ly  assess heating problems a t  
high  entry  speeds, one must determine  convective  heating  with  greater  accuracy 
than one need  determine the radiative  heating.  Nonequilibrium  radiative  heating 
i s  a much less  important  factor  than  equilibrium  radiative  heating. 

In  addition, if  the  advantages  indicated  for  conical,  or near-conical, 
vehic les   for  atmosphere en t ry  a t  the  very  high  speeds  considered  are  to  be 
realized, changes in   hea t   sh i e ld  shape due to   ab l a t ion  must be   cont ro l led   in  



some manner to  prevent  the  serious  nose  blunting which would normally  occur 
during  entry.  This  requirement w i l l  demand ingenuity  in  design. 

F ina l ly ,   fo r  some en t ry   t r a j ec to r i e s  of interest   (e .   g . ,   s teep  entr ies   with 
turbulent  boundary-layer  flow)  heating  rates may grea t ly  exceed  those we have 
been  accustomed t o   i n   t h e   p a s t .  Accordingly  there i s  considerable  danger  that 
many of the   ab la t ive   mater ia l s   usua l ly   cons idered   to   be   a t t rac t ive  may f a i l  
structurally  because of excessive  thermal   s t ress  and so be  useless f o r  such 
severe  applications. 

Ames Research  Center 
National  Aeronautics and Space Administration 

Moffett   Field,   Calif . ,  July 12, 1963 
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APPENDIX A 

SYMBOLS 

A 

a 

B 

d 

E 

i 
E i  

e 

F 

area; without  subscript,  base area of cone 

area of shock  cone to   base  of cone 

b a l l i s t i c  parameter 

constants 

constants 

drag  coeff ic ient  

f r i c t ion   coe f f i c i en t  

over-al l   heat- t ransfer   coeff ic ient  

specif ic   heat  a t  constant  pressure 

drag 

diameter of ablat ion rod 

kinetic  energy 

time r a t e  of radiat ion 

exponential   integral  

Napierian  logarithm  base 

t o t a l   f r i c t i o n a l   f o r c e  

constants 

r a t i o  of t o t a l  enthalpy, - hT 
hTE 

H aerodynamic heat   input   in   kinet ic   energy  uni ts  

h enthalpy 

K ablative  coolant  parameter 

k thermal conductivity 



2 

M 

m 

Pr  

r 

st 

T 

t 

U 

u1,2 

U 

v 
V 

x 
X 

Y 

Y 

ze 

Z 

model length 

mach nmiber 

mass 

Prandt l  number 

pressure 

heating rate per   uni t   surface area 

gas  constant 

Reynolds nuniber 

radius 

Stanton number 

temperature 

time 

veloci ty  normal t o  shock 

a par t icu lar   ve loc i ty ,  13,700 m/sec 

ve loc i ty   in  boundary layer  

vehicle   veloci ty  

volume of  shock layer  

distance  along axis of revolution measured  forward of  body base 

distance  along the cone surface  from apex 

a l t i t u d e  

distance  perpendicular  to cone surface 

equilibrium  heat-transfer  function of VE s i n  0~ 

compressibil i ty  factor 

function of ablat ion material 

inverse of scale  height 

gamma function 
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Y 

An 

n e  

8 

5 

rl 

@C 

e, 
A 

A 

f l ight-path  angle  measured from loca l   hor izonta l  

t o t a l   a b l a t e d  mass 

difference between bow shock angle and  cone angle 

increment 

energy  required  to ablate a u n i t  mass 

energy  fraction 

half-angle  of cone 

shock angle 

function of VE, Bc, 5 ,  and 7 

nondimensional  height  within a boundary layer  

absolute  viscosity 

kinematic  viscosity 

ablation  parameter, mE2 

air  density a t  any a l t i t ude  Y 

air densi ty   ra t io ,  
PO 

CH asymptotic  value of - 
cHO 

function of B 

the product of Bp 

functions  of Bc 

functions of 5 

an a rb i t r a ry  variable 

Powers 

a rb i t r a ry  

veloci ty  dependence power in  laminar  convection 



b 

c l  

E 

e 

e2 

f m  

i 

2 

10 

11 

2 2  

l i m  

max 

n 

0 

veloci ty  dependence power in turbulent  convection 

general  exponential  in power series 

density dependence power in  equilibrium  radiation 

veloci ty  dependence power in   equi l ibr ium  radiat ion 

veloci ty  dependence power in  nonequilibriwn  radiation 

a t  reference  conditions 

Subscripts 

body (or body base as i n  yb) 

co l l i s ion  l i m i t  

a t  entrance  into atmosphere 

equilibrium  radiation 

equilibrium  radiation a t  U < 13,700 m/sec 

equilibrium  radiation a t  U > 13,700 m/sec 

f r e e  molecule 

incompressible 

laminar  convection 

laminar  convection i n  absence of ablat ion 

laminar  convection f o r  v < 13,000 m/sec 

laminar  convection f o r  V > 26,000 m/sec 

limit 

maxim 

nonequilibrium  radiation 

sea   l eve l  

opt i m m  

stagnation  point 



turbulent  convection 

turbulent  convection  in  absence of ablat ion 

turbulent  convection  for V s i n  + < 7,500 m/sec 

turbulent  convection for V s i n  % > 7,500 m/sec 

t o t a l  

a t  cone w a l l  

a t  edge of  boundary layer  

conditions  behind  the  shock 

free  stream 



EQUILIsRIUM RADIATIVE KEATING 

Dependence on Velocity and A i r  Density 

It i s  by no  means obvious t h a t  an equation of the  form of equation (16) can 
be used to   r ep resen t  the dependence  on density and veloci ty  of the  radiat ive  out-  
put   per   uni t  volume of the  gas  behind a normal  shock wave. In   par t icu lar ,  i f  the  
exponents q and p a re   subjec t   to   l a rge  and  continuous  variations and are them- 
selves  functions of  U and p ,  the  usefulness of th i s   representa t ion  would be 
ser iously limited. However, it has  been  previously shown ( e . g . ,   i n   r e f .  10) t h a t  
p lo t t ing  ( l / p 7 )  (d&/dv) logari thmical ly   against   veloci ty   resul ts   in  a reduction 
of available  experimental and theoret ical   data  t o  a f a i r l y  narrow  band whose 
center i s  nearly a s t r a i g h t   l i n e   f o r   v e l o c i t i e s  from 5 t o  1-3 km/sec. The theo- 
r e t i c a l   l i n e s   i n  such a presentation show a de f in i t e  swerving  behavior  in  this 
speed  range,  indicative of loca l   var ia t ions   in   the   va lue  of q ( see   f i g .  7, 
ref. lo), but  never  deviate  too far from a s t r a igh t   l i ne .  

Since we a r e  concerned i n  t h i s  paper  with a broader  velocity  range  than that 
considered  in  reference 10, we p lo t ted   the   co l lec ted   theore t ica l  data applicable 
to  this  broader  speed  range  in  f igure 33. Here the  loglo(  &e/dv) i s  p lo t ted  
against  logloU for   several   a l t i tudes,   thus   deferr ing  for   the moment t h e  con- 
s iderat ion of t he   e f f ec t  of a l t i t ude .  The symbols represent   the  theoret ical  data 
and were based on the   r e su l t s  of references 5, 26, and  27. It i s  seen  that   three 
dis t inct   regions of veloci ty  dependence are  suggested  by  the data, each of  which 
can be f i t t e d  by a s t r a i g h t   l i n e  segment. The low velocity  range  extends  from 
about 4 t o  8 km/sec; the  intermediate  range is from 8 t o  13.7 km/sec;  and the  
high  range  extends t o  a t  least 30 km/sec. Thus, the  two lower  speed  ranges  cor- 
respond t o   t h e  complete velocity  range of reference 10, and the  two slopes  repre- 
sent ,  t o  an  acceptable  degree, the pr inc ipa l  swerve in   the   theore t ica l   curves  
shown in   tha t   re fe rence .   In   the   in tegra t ions  of t o t a l  heat  input f o r  the  present 
paper,  the  existence of a d i f fe ren t   ve loc i ty  dependence in  the  lowest  speed  range 
was ignored  because of the  comparatively small values  of  radiative  heating  in 
t h i s  speed  range;  the  middle  region was assumed t o  extend t o  zero velocity.  

In   f a i r ing   t he   l i nes  on f igure  33, ce r t a in   r e s t r i c t ions  were  imposed: 
(1) The l i n e  segments i n  each  velocity  range were required t o  have the  sane  slope 
a t  a l l  a l t i tudes.   (2)  The intersect ions of t he   l i nes  f o r  t h e  upper two veloci ty  
ranges were required  to  occur a t  a constant  velocity,  independent of a l t i t ude .  
These r e s t r i c t ions  were made so as t o  make q independent of and so that a 
s ingle  speed, U1,2 = 13,700 m/sec, would be  the  transit ion  speed from one s e t  of 
curves to   the   o ther  a t  a l l  a l t i t udes .  These r e s t r i c t ions  d id  not  seriously 
impair  the f i t  of t h e   l i n e s   t o   t h e  data, the  worst  error  being a f ac to r  of 2 and 
occurring a t  h igh   a l t i tude  (and therefore a t  comparatively low rad ia t ive  
in t ens i ty ) .  

While the theory f o r  the lower-two  speed  regions i s  well  supported  by  the 
data of reference 10, the  radiative  intensit ies  in  the  highest   speed  region are 
ent i re ly   based on the  theory of reference 27 f o r  which there  i s  no experimental 



verification.  This  theory treats air at  temperatures  extending above 200,000° K, 
well  beyond the  highest  temperatures ( 50,000° K )  considered  in  the  present  paper. 
Above 100,OOOo K, the  theory  predicts  that   the  radiative  energy  output i s  essen- 
t i a l l y  independent of temperature. Between 20 ,OOOo K and 100,OOOo K, t he  temper - 
a ture  dependence may be  represented  by T3'5. A t  s t i l l  lower  temperatures, 
according  to  data  given  in  references 5 and 26, the  dependence i s  approximated  by 
T10'7. Thus the  slope change i n   f i g u r e  33 a t  U l Y 2  = 13,700 m/sec i s  primarily a 
result of the  change of temperature  exponent which i s  predic ted   to  change fur ther  
and go t o  zero a t  s t i l l  higher  speeds and temperatures.  Although  these  predic- 
tions  should  perhaps  be viewed with  caution  pending  experimental  verification, it 
i s  noted that analysis of several  meteor en t r i e s  (ref.  28) indicated  that   the  
magnitude  of the  radiation  predicted  by  the  theory i s  perhaps  correct. 

The a l t i t u d e  or density dependence may  now be  considered. The rad ia t ive  
i n t e n s i t y   a t  a veloci ty  of 13,700 m/sec i s  p lo t ted  on logarithmic  coordinates  in 
f igure  34 f o r  the   four   a l t i tudes  of f igure  33 as a function of the  densi ty  r a t i o  
fj. A s t r a igh t   l i ne  i s  a remarkably good f i t  t o  these  data, which, together  with 
the  previous  figure,  indicates  the  appropriateness of  the form of equation (16) .  
The slope of the   l ine   g ives  p = 1.80. The f a c t   t h a t   t h i s   p l o t  i s  made f o r   t h e  
juncture  velocity of the  two upper  speed  regions means that  th i s   s lope  i s  va l id  
for   ve loc i t ies   bo th  above  and below th is   ve loc i ty .  A t  o ther   ve loc i t ies ,   l ines  
p a r a l l e l  t o  t ha t  shown are  obtained. (If it had not  been  possible t o  f i nd  a 
common ve loc i ty   a t  a l l  a l t i t udes  f o r  the   in te rsec t ion  of t he   l i nes  of the  two 
fami l ies ,   th i s  would have  implied  that p i s  d i f fe ren t   in   the  two veloci ty  
regions.)  The evaluation of  the  constants Ce,,  Ce2, p, q,, and q2 from f i g -  
ures 33 and 34 i s  straightforward and gives  the  values  recorded  in  the  text as 
equation (17) .  

Calculation of Shock-Wave Angles 

For  purposes of  calculat ing  the volume of  gas  radiating t o  the body and 
defining  local  f l o w  properties a t  the  boundary-layer edge f o r  the  convective 
heating  estimates,  the  following  approximate  analysis of hypervelocity f l o w  over 
pointed cones was made.  The gas was assumed t o  have the  propert ies  of r e a l  air 
a t  equilibrium. The shock layer  was assumed t o  be of uniform  density and veloc- 
i ty ,   consis tent   with  the knowledge that   the   entropy i s  uniform and the  shock 
layer  i s  very  thin.  Under these  assumptions,  continuity of f l o w  requi res   tha t  

where p2 and V2 are   the  densi ty  and total   veloci ty   behind  the shock wave. This 
i s  solved  for  tan A0 t o   o b t a i n  



Given t h e  cone angle eC and the free-stream density and velocity, p and V, 
equation (B2) is so lved   i t e ra t ive ly  with the  aid of real  gas shock-wave tables 
o r  charts  such as those  given  in  reference 29. A first-approximation estimate 
of the  standoff  angle A0 permits  the downstream f low  propert ies   to  be obtained 
so t h a t  pV/p2V2 can  be  evaluated.  Inserted  in  equation (B2), t h i s  leads t o  a 
new value  of A0, and t h e   i t e r a t i o n  i s  continued t o  convergence (usual ly  one more 
cycle) .  

Standoff  angles computed by this  technique are shown i n  figure 35 for   veloc-  
i t i e s  of 6 t o  22 km/sec, cone half-angles  of 1 5 O ,  30°, and 5 5 O ,  and  an a l t i t u d e  
of 50 km. A result  of  these  computations was t h a t   t h e   v e l o c i t y   r a t i o  V2/V was 
given  almost  exactly  by  cos 0~ and within 9 percent  by  cos Bc, so t h a t  equa- 
t i o n  (B2) may be approximated  by 

or, f o r  p / p n  << 1, A0 M (1/2)  ( tan 0c) (p/p2)  radians, a r e s u l t  which i s  analogous 
t o  that   obtained  in   s tudies  of shock-wave standoff  distance  for  blunt  bodies 
(see, e.g. ,  ref. 30). 

Since  the  standoff  angle i s  a function o f  the  densi ty  r a t i o  across  the bow 
wave, it follows  that  A0 w i l l  vary   in  a complicated  fashion  with  free-stream 
veloci ty  and a l t i t ude .  The most general way to   g ive   t he   r e su l t s  of the  present  
calculat ions i s  t o  show the  dependence  on densi ty   ra t io ,  as i s  done in   f i gu re  35, 
where the  circular  points  represent  the  values  obtained a t  the  condi t ions  c i ted 
in  the  previous  paragraph. For comparison, two points  obtained  by  the  exact 
theory of Taylor  and  Maccoll  (see  ref. 31) are shown f o r  an ideal  gas  with a 
r a t i o  of specif ic   heats   equal   to  1 . 4  a t  i n f i n i t e  Mach number (square symbols). 
Since, at the  highest  speeds  considered  here,  the  density r a t i o  a t  the  bow  wave 
tends t o  values between 1-5 and 18, a working curve was drawn showing approximate 
values  of A0 as a function of  cone angle f o r  f ree-s t ream  veloci t ies   greater  
than 20 ?m/sec, f igure  36. For simplicity,   this  curve was assumed t o  be  univer- 
sal ly   appl icable   in   the  equi l ibr ium  radiat ive  heat ing  integrat ions.  

Also shown in   f i gu re  36 i s  an interpolated  curve  from  the  present  calcula- 
t i o n s   f o r  a lower  speed,  9.2 km/sec, and  an a l t i t u d e  of 50 km. This curve i s  
compared with  points  taken  from  reference 32 f o r  speeds  near  9.2 km/sec and a 
free-stream  pressure of 0.001 po which approximates the  pressure a t  50 km 
a l t i t ude .  The method of Taylor  and  Maccoll f o r   r e a l  air  a t  equilibrium was used 
in   the   ca lcu la t ions  of  this   reference.  While agreement i s  by no  means exact, it 
i s  within 20 percent a t  the  worst  point. The reasons f o r  the  disagreement  are 
not   c lear .  

A f i na l   comen t  on the  behavior of the  curves of f igure  36 i n   t h e   v i c i n i t y  
of 0c = 0 i s  in   o rder .  Although the  lower  curve seems t o  be  going in to   t he  
origin,  we know t h a t  a t  0c = 0, A0 = sin-l(l /M), and the  wave angle  can  never  be 
less than  the Mach angle (i. e. , 0c + A0 sin-'( l/M)). Since  the Mach angles at 
the  speeds  considered  range from a f e w  tenths  of a degree t o  1' or 2 O ,  t h i s  
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l imi ta t ion  need  not  be  considered  until 0c < 2'. For cone angles smaller than 
2O (an academic case),  the  curves must turn up and terminate a t  A0 = sin-'(l/M). 

Evaluation of Equilibrium Energy Fraction 

I n   t h e   i n t e g r a l  of equation  (22a)  the value of  e 
-(B/2)(q1-1)6 when 6 i s  

of the  order  of un i ty  or l a rger  i s  so small that   wi th   negl igible   error  we  may 
wr i t e   fo r  p greater  than  zero 

wherein r(p) i s  the   fami l ia r  gamma funct ion  (see,   e .g . ,   ref .  33). Similarly, 
we  may write 

where i n  

The right-hand  integral  of  equation (B5) may be  evaluated  by  expanding  the 
exponential   in a power ser ies .  Thus, 

With these  formulations,   then,  the  equilibrium  energy  fraction can  be  put  in 
t he  form of equation  (24) 

i f  we put 
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sin3 %(tan2 % - tan2 e,) 
sin2 ec tan3 ec 

Ye = 

and 

+ Ce2 

-, 

J 
I 1  

u1,2 J L  n=o 

From the relat ions of equations  (17) and (23) ,  then, 

1 - 1.074x11*8 d-- 1 x  A+ - x13 + . . .)I 
.8 2.8 2! (3.8)  3!(4.8) 
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wherein 
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NOI\IEQUILIBRIUM RADIATIVE HEATING 

The treatment of nonequilibrium  radiative  heating  in  this  paper i s  based on 
the  conceptual model of the  nonequilibrium  region  described  in  references 34 
and 10, and on the  experimental  observations of nonequilibrium air  rad ia t ion  of 
reference 10. Although the  research on nonequilibriwn a i r  radiat ion is  a t  the  
present  writing s t i l l  very new, it appears t o   b e  approaching a sa t i s f ac to ry   de f i -  
n i t i on  of the   rad ia t ive   in tens i t ies   for   speeds  normal t o  the  shock wave up t o  
l3,OOO meters/sec. For the  higher  speeds treated in   the  present   paper ,  it was 
necessary to   ex t rapola te .  

The data of reference 10 are reproduced i n   f i g u r e  37 on logarithmic 
coordinates  as a function of veloci ty  normal t o   t h e  shock wave.  They define a 
l ine  with a slope  of  approximately 4, and are  represented  by  the  equation 

" &n - 1.15~10-l~ u4a08 

da 

Thc l ine  def ined by equation  (25a) of t he   t ex t ,  

was adopted on the  basis of data   avai lable   ear l ier ,  and i s  p lo t ted  f o r  compari- 
son. For a speed of 11,000 meters/sec, it i s  seen t o  indicate  about  four  times 
the  radiat ive  intensi ty   given by the   l a t e s t   da t a .   In  view of the  f inding of the 
analysis (see text)   that   the   nonequi l ibr ium  radiat ion makes a r e l a t ive ly  small 
contribution t o  the   to ta l   hea t ing ,  no rev is ion   to   the   ana lys i s  on the   bas i s  of 
equation ( C l )  was made.  The conservatism  implied  by  use of equation ( C 2 )  a t  t he  
higher  speeds may be considered  desirable  in view of the  present  velocity l i m i t  
of the  experiments. 

In   sp i t e  of the  densi ty  independence of equations (Cl) and (C2), various 
e f fec ts   a re  known to   con t r ibu te   t o  a cut-off  of  the  nonequilibrium  radiation  at  
very  high  a l t i tudes,  as discussed  in  references 34 and 10. The contributing 
effects  include  the  flow  energy  limitation,  truncation of the  nonequilibrium 
region  by  the  presence of the body, cooling of the  shock layer  by a thick  viscous 
boundary layer ,  and col l is ion  l imit ing.  For simplici ty ,   these  effects   are  lumped 
in   the  present   analysis   into a s ingle   e f fec t ,   re fe r red  t o  as   co l l i s ion   l imi t ing ,  
and assumed t o  begin  reducing  the  radiation a t  a l t i t udes   j u s t  above 50 km. This 
choice  appears  reasonable  based on information  given  in  the  references  cited 
above. 



Evaluation  of  Nonequilibrium  Energy  Fraction 

The in tegra ls  of  equation ( 3 0 )  are 

wherein  values  of  the  exponential  integral E i ( - w )  may be  obtained f rom published 
tables  (e.g. ,  ref. 33), and 

J- % m B (y) B (q) 
since P f m  - i s  very small. The constant  given  by  equations (26) and (31) can  be 
used t o   p u t  v n  i n   t h e  form of  equation ( 32) 

if  we define 

sin6 m tan2 

sin2 QC tan2 QC 
Yn = 

and 

r -3BX10-3~ 

On = 3BX10-7 LEi(  -3) - E i (  -3B~10"~) + 1 - e  
3x10 -3 i 
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LAMINAR CONVECTIVE €FATING 

Theoretical  Method 

The laminar   convect ive  heat- t ransfer   coeff ic ients   for   zero  ablat ion,  cHzo, 
were calculated  by  the method of Kemp, Rose, and Detra (ref.  35) modified as 
described  in  this  appendix.  Numerical  examples f o r  cone half-angles of l5', 30°, 
and 55' a t  ve loc i t ies  of 6, 10, 14,  18, 22 and 26 km/sec and a t  a l t i t udes  of 20, 
35, 50,  and 75 km were then  calculated. With t h e   s e t  of theore t ica l   da ta  so 
obtained,  the form of a suitable  empirical   equation  to  represent  these data was 
determined  (eq. (33))  and the  empirical  constants were evaluated. 

Reference 35 (eq.  (21))  gives  the  approximate  relation on which the   hea t -  
t ransfer   es t imates  were based which f o r  cones may be m i t t e n '  

where g = hT/hTE, hT = h + (u2/2), h i s  s ta t ic   enthalpy,  gAw = (ag/aA),, A i s  
a transformed  coordinate normal t o  the  body surface, E and w indicate  conditions 
a t  the  boundary-layer edge and a t  the w a l l ,  respectively,  and p, u,  and p have 
their  usual  boundary-layer  significance. An approximation  suggested i n   t h i s   r e f -  
erence i s  the  evaluation of t h e   r a t i o  p E p E / p w ~  a t  the  s tagnat ion  point  f o r  
subsequent  application t o  a l l  points on the  surface.   This i s  sa id  t o  introduce 
e r rors  no larger  than a few percent compared t o  more exact  procedures  in  several 
instances where they have  been compared. Equation ( D l )  a l so  assumes t h a t   t h e  
Lewis number i s  1.0.  

Since,  for a Lewis number of 1.0, 

(where kw and cpw are  the  gas  conductivity and specif ic   heat  a t  the  w a l l ,  and 
q i s  the   loca l   hea t - t ransfer  rate per   un i t  area), and t he   r e l a t ion  between y 
and A i s  as given in   reference 35, equation ( D l )  may be  wri t ten  for  cones as 

q = 0.648 ]-(z) (& 0.438 

2 XlJW + - hw) pwpw 
.~~ . "" 

'To avoid  conflict   with  the symbols used   in   th i s   repor t ,   ce r ta in  of the  
symbols in   the  equat ions to follow have been  changed  from the   o r ig ina l  form. 
The quant i t ies  H and 11 of  reference 35 are  denoted  herein as h, and A. 

. .  ~. I .  ~ . .  .~ . 
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Integrated  over  the  surface of t he  cone to   ob ta in  dH/dt and divided  by 
(l/2)pV3A to obtain C H ~ ~ ,  t h i s  becomes 

where xb and rb are the   s lan t   l ength  and base  radius of t he  cone and 

f o r  high  veloci t ies .  

Equation ( D 4 )  may be  put  in  terms of the  free-stream Reynolds number pVr/p 
t o  obtain 

where Prw i s  the  Prandt l  number a t  the  w a l l ,  and u E / V  = cos €Jc has  been  used 
(see appendix B )  . Properties  without  subscripts  are  evaluated  in  the  free  stream 
ahead of the  bow shock wave. 

Discussion 

In  the  appl icat ion of equation ( D 4 ) ,  uE was taken t o  be  the  value f o r  a 
sharp cone,  corresponding t o  an assumption of small t ip   b lunt ing .   In   cases  where 
t ip   b lunt ing   occurs  t o  an appreciable  extent,  uE becomes lower than it would be 
f o r  a sharp  tip,  while  nothing  else  in  equation ( D 4 )  i s  affected, so t ha t   t he  
convective  heat  transfer i s  predicted t o  diminish.   In   this   respect ,   the   resul ts  
of the  present  analysis  are  conservatively  high. 

The accuracy of the  heating estimates obtained on the   bas i s  of equation ( D l )  
cannot  be  assessed a t  the  present time, but  they  could  be  in  appreciable  error.  
It i s  noted  that  equation ( D l )  i s  obtained  by  modifying a stagnation  point  solu- 
t i o n  on the   bas i s  of an empirical  observation.  Therefore, if  it i s  applied t o  
conditions  outside  the  range of i t s  evaluation, as it i s  here, it may be  inaccu- 
rate. Thus, values  of ( p E p E / p w h )  sp as low as 0.0035 were encountered i n   t h e  
calculations,  while  reference 35 recommends equation (Dl) for   the  range of t h i s  
parameter from 0.15 t o  0.55.  Similarly,  values  of  w2/hTE = 2 cos2 8c up t o  
1.86 were t reated,  where reference 35 discusses  values  up  to  1.50. Because of 
the   uncertaint ies   present ,  a new theoret ical   s tudy of r e a l  air  laminar  convection 
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t o  cones  has  been s t a r t e d  a t  Ames Research  Center,  and i n i t i a l   r e s u l t s   i n d i c a t e  
tha t   the   p resent  estimates are probably  inaccurate a t  worst  by a f a c t o r  of 2. 

Computation  of Results, and Fitting  the  Empirical  Equation 

The gas  properties  required  in  equation (D5) f o r  stagnation  temperatures  up 
t o  47, OOOo K were taken  from  references 36, 37, and 38. Reference 36 gives  the 
thermodynamic propert ies  of air  for  temperatures  up t o  100, OOOo K, and r e fe r -  
ence 37 gives  the  viscosity and other   propert ies   up  to  15,000° K. Reference 38 
i s  an extension of reference 37 t o  30,000° K f o r  pure  nitrogen, and shows t h a t  
the  t ransport   propert ies  do not   d i f fe r   g rea t ly  between air  and pure  nitrogen  in 
the  temperature  range  up t o  15,000° K. The nitrogen data were therefore  used a t  
the  higher  temperatures and extrapolated where necessary. The extrapolation, 
which certainly  should  not be considered  reliable t o  more than one s igni f icant  
f igure,  was performed on a logarithmic  plot  of viscosity  versus  enthalpy. A 
family of curves was plotted  with  pressure as parameter, so t ha t  the shapes of 
a l l   t h e  curves  could  be  used t o  guide  the  extrapolation. 

A wall  temperature of 3,000' K, representative of the  temperatures  attained 
by  carbon,  quartz,  and  the  charring ablators, was selected  for   evaluat ion of the  
air  properties a t  the  w a l l .  However, it can be shown from equation (D5) that 

CHZo i s  not a sensi t ive  funct ion of the  wall  temperature. 

0.438 
The f ac to r  ( PGPG/PWl-+& sp  in  equation (D5) i s  independent of cone angle, 

and i s  shown p lo t t ed   i n   f i gu re  38 as a function of velocity f o r  four   a l t i tudes  
from 20 km t o  75 km. It decreases  continuously  with  increasing  velocity. The 
a l t i t u d e  dependence i s  small a t  low veloci t ies ,   but  becomes appreciable a t  the  
higher  velocit ies.   Since an  empirical  expression  in which the  density dependence 
i s  a function of the  veloci ty  was undesirably complex for  our  purposes, and i n  
view  of the  convenience of  exponential  forms, a single  curve  independent of the 
density, shown in   f i gu re  38, was taken t o  r ep resen t   (pEpE/pw~)~$438 .  The equa- 
t ion  of t h i s   l i n e  i s  

It can  be  seen from the f igure   tha t  t h i s  expression does  not  apply a t  speeds much 
below 10 km/sec, and i s  very  approximate  throughout  the  range. 

The dependence of heat- t ransfer   coeff ic ient  on cone angle,  according t o  

pw - pw T 
P P zwTw RT 
"" 
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which for   large  values  of V s i n  8c = U reduces t o  

and the   rad ica l  becomes 

where J(b/p) /2p,zwTw i s  nearly  independent of  cone angle,  speed, and a l t i t ude  
and i s  equal  to  approximately  0.0016 sec/m f o r  T, = 3000' K. 

Substi tution of equations ( D 6 )  and (D9) in to  (D5), along  with  values f o r   t h e  
v i scos i ty   i n   t he   f r ee  stream,  the w a l l  Prandtl  number, and po, r e s u l t s   i n   t h e  
f ina l   express ion   for  given  in  the  text as equations (33) and (38), CKZo 

Of 
given  by  equation ( D 5 )  a re   p lo t ted   aga ins t   ve loc i ty   in  

f igures  39 and 40 as points, and are   t rea ted  as data t o  b e   f i t t e d .  They  show the  
heat- t ransfer   coeff ic ient  t o  be  nearly  independent of velocity a t  the  lower 
veloci t ies ,  and then t o  diminish  with  further  increases  in  velocity. The curves 
described  by  equation (D10) disagree  with  these  data  at   the low veloci t ies ,   but  
agree  approximately at the  higher  velocit ies.  Disagreement (in  opposite  direc- 
t ions)  also  occurs a t  the  highest  and lowest  al t i tudes  considered  (fig.  40) .  A l l  
o f  these  trends can  be  foreseen from f igure  38. A t  speeds  below 13  km/sec, a 
reasonable fit i s  obtained  by  taking  independent of velocity, j = 0 in  

equation (33) .  The l eve l   l i nes  shown in  t h i s  region  correspond t o  t he  low-speed 
coef f ic ien ts  of equation (33) ,  given  as  equation (37) .  It may be said  that   these 
fi t ted  equations  describe  the  calculated  data  adequately,   in view of present 
uncer ta in t ies   in   the  method of calculation. 

In  applying  these  equations, a smooth t r ans i t i on  w a s  made between the low- 
speed  regime  with j = 0 and the  high-speed regime with j = 1.17. The t r a n s i -  
t i o n  curve,   described  in  the  text,  w a s  a four   term  ser ies   in  powers of V, w i t h  
constants   selected  to  match the   l eve ls  and slopes of the  two heating  equations 
a t  13,000 m/sec and  26,000  m/sec, respectively.  
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Evaluation  of  Laminar-Convective  Energy  Fraction 

To solve  equation (44) we make the  following  assumptions: 

(a) Because when p = 1, the  exponential > 

i s  very  nearly  zero f o r  vehicles of i n t e re s t  t o  t h i s  paper, it i s  sa t i s f ac to ry  t o  
subs t i t u t e   un i ty   fo r  

(b)  Because in   the  range 0 < b < p f m  for   vehic les  of i n t e re s t  t o  t h i s  paper 
V  VE, then  for   the denominator of the f i r s t  integral   the   expression 1 + g2eeB’ 
may be  replaced  with 1 + E l .  

With these  simplifications  equation (44) becomes, if we l e t  

X = BP 

The f irst  and th i rd   i n t eg ra l s  can be  evaluated  numerically;  the  second i s  a 
gamma function;  the  fourth  can  be  evaluated as a ser ies  after expanding the  expo- 
nen t i a l  as a series; and, a l though   t he   f i f t h  can  be  integrated  directly,  it i s  
preferable  to  express it i n   s e r i e s  form a l so .  The solution may be  writ ten as 
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where i n  

ana 

Since  (see  ref.  33) r( 3/2) = 0.8862, then  equation ( D 1 5 )  may b e   m i t t e n  

For vehicles of in te res t   in   th i s   repor t   the   f inaL  te rm shown above i n   t h i s  
equation i s  always negligibly small but  the  preceding  term  can  be  important  for 
"small l ight"   entry  bodies   (very  large B/%) . The value of CD 2 i s  only impor- 
t an t   fo r   " l a rge  heavy" entry  bodies  (very small B )  . Values of  and Clz2, 
and 'Dl1 and @z2 (corresponding t o  j l  and j2 of eqs. (37 )  and (38)) are  given 
in   t ab l e s  I V  and 111, respectively.  
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and 

Values for these  funct ions  are   given  in   table  I. 
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APPENDIX E 

TLTRBULENT CONVECTIVE  €TEXT  TRANSFER 

Method of Estimation 

Turbulent  heat-transfer rates for  pointed  cones at f l i g h t  speeds  up t o  
30,000 m/sec were estimated  by use of Colburn's  modified Reynolds  analogy, ref- 
erence 39, and the  reference  enthalpy method. The la t ter  i s  a generalization t o  
the case of a dissociating  gas at high  temperature of the reference  temperature 
o r  T'  method described  in'  reference 40. The T'  method has  been compared with 
measurements  of s k i n   f r i c t i o n  and hea t   t ransfer   for   tu rbulen t  boundary l aye r s   i n  
subsonic,  supersonic, and hypersonic  flow of a i r  i n  o r  near  the  ideal  gas  temper- 
ature range, and i s  found to  represent  existing  experiments  unusually  well   (see,  
e .g . ,   refs .  41 and 42). O f  course, no experience  exis ts   for   the much higher 
speeds  considered  here,  and,  in  light of the  purely  empirical   nature of t he  
method, the  degree of accuracy  of  these estimates cannot  be  presently  determined. 
However, the  excellent  experience a t  supersonic Mach numbers below 10 encourages 
us   to   expect   real is t ic   values  of heat-transfer  prediction  in  the  higher  speed 
range. 

The T '  equation of reference 40 i s  

L E  

which may, for   the  ideal   gas   considered  in  

\I€ / 

tha t   re fe rence ,   be   wr i t ten   in   the  form 

1) + 0.45 rz - 1) 

where Tsp i s  the  stagnation  point  temperature. These equations  define  the 
temperature T' within  the boundary layer  a t  which to   evaluate   the  densi ty  and 
v iscos i ty  so that  the  incompressible  skin  friction  equation i s  appl icable   to   the 
compressible f l o w  boundary layer  considered. The generalization  to  high  tempera- 
ture   f low of equation  (E2) i s  assumed t o   b e  

h' - 1 + 0.175 rz - 1) + 0.45 rz - 1) 
h€ 
" 

which reduces t o  equation  (E2) f o r  a gas  with  constant  specific  heat. Here, 
(hsp/h,) - 1 = (1/2) (uE2/h,). Given h'  as defined  by  equation (E3)  and the  

. .  " . . ". " ~. . .  . ~~- ~ 

IAlthough t h e   d e t a i l s  w i l l  not  be  given  here, it can  be shown s t a r t i n g  from 
equation (E3)  that   the  reference  enthalpy i s  approximately a f ixed   f r ac t ion  of 
t he  stream to ta l   en tha lpy   fo r  any  cone angle,   the  fraction  being a d i r ec t  
function of the cone angle. 
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l oca l   s t a t i c   p re s su re  on the cone, the state of the  gas  a t  the  reference  enthalpy 
condition i s  fu l ly   spec i f i ed  and the  reference  densi ty  p '  m y  be obtained from 
reference 36 and the  reference  viscosi ty  1-1' may be  obtained  from  reference 37 
or 38. The Reynolds nuniber R e '  given  by  p'ucx/pL' is then i n s e r t e d   i n  the 
incompressible  turbulent  skin-friction  formula  to  obtain CF', which i s  r e l a t ed  
t o  the average  skin  friction  over  the  surface CF by 

or 

The var ia t ion with Reynolds number of average  skin  f r ic t ion  coeff ic ient  on 
a f l a t  plate  in  incompressible  f low was taken t o  be tha t  given  by  the K&rm&n- 
Schoenherr  formula 

which can be very  closely  approximated f o r  Reynolds numbers from 3X106 t o  lo9 by 
t h e  power l a w  formula 

The turbulent   skin  f r ic t ion  values   for  a f l a t  p l a t e  were modified  by  the  factor 
1.047, derived  in  appendix C of reference 39, t o  make them applicable t o  cones. 

The Colburn  modification of the  Reynolds analogy 

CF st = 
2Prw 2 /  3 

was then  applied  to  obtain  the  dimensionless  heat-transfer  parameter,  the  Stanton 
number, defined  by 

where A, i s  the  wetted  area of the  cone. From dH/dt, C H ~ ,  may be  obtained 

from i t s  definit ion,   equation ( 4 )  of the t e x t .  

The above steps  describe  the  procedure  used. A summary equation  approxi- 
mating  these  steps may be  writ ten 
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i n  which  uc/V = COS ec and  (hsp - hw)/V2 = 1/2 have  been  applied  along  with  the 
approximation  given  by  equation (E5)  for the  Kh&n-Schoenherr formula. 

Expression i n  Terms of Free-Strew  Variables 

Equations ( E 8 )  and (E3) describe,  in  reasonably  simple  terms,  the  heat- 
transfer  coefficient  for  the  turbulent  boundary-layer  case,   but  they  are  not 
su i tab le  for incorporation  in the optimization  analysis  of  this  paper  because 
they  are  expressed  in terms of p' and p' ,  the   var ia t ion  of which with  speed, 
cone angle, and free-stream  density i s  not  immediately  evident. The point of 
departure f o r  f inding C H ~ ~  as a function of V, 0, and 6 was not  equation (E8), 
bu t  was based on the  observation  that  f o r  any a l t i t u d e  and base  radius,  the 
Stanton number w a s  a near ly   l inear   funct ion of f3c, almost  independent of veloc- 
i ty .   This  i s  shown in   f i gu re  41 f o r  an a l t i t ude  of 35 lan. The equation for 
Stanton number obtained  from  plots of t h i s   k ind   fo r   a l t i t udes  of 20, 35, and 
50 km i s  

where 0c i s  in  degrees and q in  meters. The f a c t   t h a t   t h e  exponent of p 
i s  here  found  empirically  to  differ a l i t t l e  f rom 0.148 r e f l ec t s   t he  dependence 
of the  Stanton number  on p'  /p and p' /I which vary w i t h  a l t i t ude   fo r  any given 
cone angle. 

From equations (E7),  (E9), and ( 4 )  i n   t h e   t e x t ,  

where ue/V = cos Bc, hsp - hw TJ V2/2, and Aw/A = l / s i n  8c  have  been  applied. 
I n  addi t ion,   the   densi ty   ra t io   across   the shock wave, p / m y  be   cor re la ted   in  
terms of the  veloci ty  component normal t o   t h e  shock wav:,'$ s i n  Q = U, as shown 
i n   f i g u r e  42. Two regions  exist .  For U < 7500 m/sec, the   dens i ty   ra t io  
increases  with  increasing  speed  approximately as 

0.66 
" 

p PO. 039 
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For U > 7500 m/sec, the dens i ty   ra t io  becomes a slowly  decreasing  function of 
increasing  velocity. 

The accuracy of these  expressions  in   re la t ion  to   calculat ions f o r  normal  shock 
waves in   equi l ibr ium air  may be examined i n   f i g u r e  42. Inser t ing  these  re la t ions 
into  equation (E10) l eads   to   the   express ions   for  CHto given as equations (50) 
and (51) of t h e   t e x t .  

The values of CHt computed from  the working equations (50) and (51) are  
0 

compared in   f i gu re  43 f o r  a cone angle of 30' and a 1-meter  base  radius  with  the 
values computed by  the complete  estimation  procedure based on equations (E3)  
and (E6) .  The representation  given  by  the working equations i s  generally ade- 
quate  although,  for  this cone angle,  uniformly a l i t t l e  high. The values  of  con- 
vect ive  heat- t ransfer   coeff ic ient   es t imated  for  a laminar  boundary  layer on a 
30' cone are reproduced on t h i s   f i g u r e  f o r  comparison  and are  computed t o  be 
smaller  than  those  for a turbulent boundary layer  by  factors  ranging from 3 t o  
40, depending on the  speed and a l t i t ude .  

Evaluation of Turbulent  Convective  Energy  Fraction 

To solve  equations (53a) and (53b) we make the  assumption tha t  when 6 2 1 
the  exponential eMBP i s  so small t h a t  we  may subs t i t u t e   un i ty   fo r  (1 + T;te-BP). 
With this   s implif icat ion  equat ions (53a) and (53b) become 

f o r  

and f o r  

> 7500 v = " 
s i n  @W 
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where 
/ '  

In  equation (E14), t he  f irst  two integral   terms,   in   addi t ion t o  being  functions 
of a t  and Et, are  functions of 8c and VE i n  a way which i s  not  easily  sepa- 
rab le .  For the  purposes of t h i s  paper it was deemed advisable  to  leave  the sum- 
mation in   th i s   inseparable  form so tha t  a two-entry  table i s  required f o r  tabula- 
t ion,  and each  table,   in  turn,  must be made up for a particular  value of a t  and 
E t .  Accordingly, we may put   in   the  form of equation ( 5 5 )  

BO. 204 0.66 

rlt = 0.148 [At - Q t Y t  (3) ] 
rb 

if  we s e t  

1 ec COS ec 
2 -4k1 (sink1 % s in3 ec ) ( 

ec ew cos ec 
s in3  ec Y t  = - C t l X I O  = 0.202~10 -3 ) (E151 

-0.67X d X  
@t = e x0.204 

while f o r  



and f o r  



APPENDIX F 

RELATION OF THE LIMITING REYNOLDS NLTMBER TO THE BALLISTIC 

COEFFICIENT,  CONE ANGLE, AND ENTRY VELOCITY 

Since  the  re la t ionship between f l i gh t   ve loc i ty  and air density i s  a function 
of the   en t ry   ve loc i ty  and ba l l i s t i c   coe f f i c i en t  B (eq. (8) ) , it i s  evident  that  
t h e  Reynolds number based on free-stream  properties w i l l  be governed  by  these 
fac tors  and the  body size.  

pvrb  povErb - - (B /2 )  6 Re, = - - Pe 1-1 1-1 
- 

For an  isothermal  atmosphere i n  which the  f ree-s t ream  viscosi ty  i s  constant, and 
f o r  cases where yb i s  not  importantly  diminished  by  ablation,  the maximum value 
of R h  on the   t r a j ec to ry  can  be  found  by se t t ing   the   der iva t ive  d R h / d c  equal 
t o  zero to   ob ta in  

2 povErb 
= Be 1-1 

where e i s  the  Napierian  base.  Equation (F2) i s  p lo t t ed   i n   f i gu re  44 f o r  an 
entry  velocity of 30 lan/sec  and = 1 meter, for which case  values of  Re-= 
i n  excess of 10 million  occur a t  B less  than  about 265. It i s  of i n t e re s t   t ha t  
the  peak  Reynolds number according t o  equation (Fl) occurs at a veloci ty  
V = VE/e, and a t  a density 6 = 2/B. The Reynolds number prof i le   def ined by 
equation (Fl) i s  p lo t t ed   i n   f i gu re  45 as a function of the   ve loc i ty   ra t io  V/VE. 

It remains t o  re la te   the  f ree-s t ream Reynolds number defined  by  equa- 
t i o n  (Fl) t o   t h e  Reynolds number based on boundary-layer  edge  properties and 
slant  length,  Re, = pEuEx/pE. A l l  f low-field  properties needed for this  purpose 
are  obtainable f r o m  the  calculations of the  conical f l o w  f ie ld   descr ibed   in  
appendix B, with  t6e  use of a i r  properties  tabulated  in  references 36, 37, 
and 38. Ratios of l oca l  t o  free-stream Reynolds number obtained f rom these  cal-  
culat ions  are  shown in   f i gu re  46. 

Since  the  present  purpose w a s  to   def ine  l imit ing  values  of B below  which 
the   l oca l  Reynolds number w i l l  exceed 5, 10, or 20 million,  the  following  pro- 
cedure w a s  applied. Assume f o r  the  moment tha t   t he  Reynolds number r a t i o s  of 
f i gu re  46 are  functions of  cone angle  only,  independent of speed and a l t i t ude .  
Then t h e  maximum of the   l oca l  Reynolds number w i l l  occur  simultaneously  with  the 
maximum of the  free-stream Reynolds number, and 



If ReE- i s  not t o  exceed the   l imi t ing  Reynolds number Relim of t h e  text, 
then  the  former i s  replaced  in  equation (F3) by  the lat ter t o   g i v e   t h e  value 

corresponding to   t he   spec i f i ed  Reynolds number l imi ta t ion .  Lower values  of B 
will result i n   l o c a l  Reynolds numbers exceeding Relim. 

As  may be  seen from f igure  46, t he  assumption t h a t  ReE/R%, i s  a constant 
f o r  any  cone angle i s  reasonable for cone angles   up  to  40' a t  speeds  up t o  
25 kmlsec,  and to  higher  speeds f o r  smaller cone angles.  Obviously,  large  depar- 
tu res  from constant  ReE/Re,  occur on the 40' and 55' cones a t  speeds  above 
20 t o  25 km/sec. The error  resulting  from  the  assumption of constant ReE/R%, 
i n   t h i s   l a t t e r  range i s  not  important for present  purposes, however, because  the 
optimum cone angle  in  the  very  high  entry  speed  range i s  less   than 33' (see 
f i g .  10 ) .  Hence, the  value  of B calculated f rom equation (F4) by  use of  t h i s  
assumption w i l l  be   in   ser ious  error   only for conditions  well away from  the  opti-  
mum, and t he   e f f ec t  on conditions  near  the optimum w i l l  be small. It i s  of 
i n t e r e s t   t o   n o t e   t h a t   t h e   e f f e c t  of the  nonconstancy  of Re,/Re, on the  dashed 
curves of  f igure  9 i s  t o  cause them t o  r i s e  more rapidly  than shown for 8c 
greater  than  the optimum. The significance of t h i s  i s  that  the  turbulent  f low 
boundary i s  raised t o  higher  values of B for the  large  angled  cones.  Since 
these cone angles would presumably  not  be  used, t h i s  may be of  academic in t e re s t  
only. It i s  c l ea r   t ha t  by  use  of  equation (Fl) and f igure  46, values of maximum 
l o c a l  Reynolds number f r e e  of the  above assumption  can  be  obtained if desired.  
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ARC-JET TESTS OF TEFLON MODELS 

Tests t o  examine qual i ta t ively  the  extent  of the  change i n  dimensions of 
Teflon models due t o  laminar  convective  heating were made i n  an e l e c t r i c a l l y  
heated  arc-jet   stream. The  Mach nmiber  of t he  stream was 3.3 and the  enthalpy 
level, 3500 Btu/lb ( 8  .1x106 m2/sec2).  Total  pressure w a s  set a t  one atmosphere. 
The Reynolds number based on model base  diameter was 2140 and, accordingly,  the 
f low was laminar. The je t  diameter was 2.75  inches (6 .8  cm). Stream  surveys 
indicated the enthalpy and stagnation  pressure were constant  within 5 percent 
over a 2-inch  core ( 5  cm). This  assured  uniform  flow  conditions  over  the  conical 
t es t  bodies which were 1.5 inches (3 .8  cm) in  diameter. 

The t e s t   c o n d i t i o n s   i n   t h i s  stream are  far less   intense,  of course,  than  a 
typ ica l   f l igh t   vehic le  would experience a t  hyperbolic  entry  speeds  (e.  g.,   in 
f l i gh t   w i th  a b a l l i s t i c  parameter of 200, hea t   ra tes  would be as much as 50 times 
those   i n   t hese   t e s t s )  and the   je t   enthalpy i s  so low tha t   rad ia t ive   hea t ing  of 
these models i s  t r i v i a l .  However, the model tes t   resu l t s   should   be   ind ica t ive  of 
the  manner i n  which convective  heating promotes t h e   i n i t i a l   b l u n t i n g  of the  apex 
i n   f l i g h t .  

For the  f l o w  condi t ions   l i s ted  above for   the   p resent   ab la t ion  tests,  the  
following  table l i s t s  the  magnitude  of the  s tagnat ion-point   heat- t ransfer   ra tes  
a t  1 second af ter   f low was s ta r ted .  

Model designation 

Passive  type;  c = 0 
c = .1 
c = .2 
c = . 3  

Extrusion  type;  1/16-diameter rod 
1/8-diameter rod  
1/4-diameter rod  

- . . . . , . ~~ 

9 30 
1440 
1660 
18 50 

930 
930 
930 

1. O5x1O7 
1 . 6 3 ~ 1 0 ~  
1. 88x107 
2.10~10~ 

1. O5x1O7 
1. O5x1O7 
1.0 5x107 

Figure 47 shows the   p r inc ipa l  dimensions  of the  passive  type models tes ted .  
Basically, a l l  of the  passive  type models a re  members of the  same cusped-cone 
family. The degree of sharpness of t he  nose of  the  cusped  cone i s  determined  by 
the  parameter  c  (see  equation,  fig. 47). For practical   reasons of strength,  a l l  
models were terminated a t  a t i p  diameter of 1/64 inch. The notch on the  cyl in-  
drical   afterbody  served as a measuring  reference  station. 

The other  type of model t e s t ed  i s  shown in   f i gu re  48. This model consis ts  
of a 45' cone with a cyl indrical   core  of various  diameters  that  could  be  extruded 
a t  constant  predetermined rates. Extrusion  rates were set by adjusting a D.C.  
motor-driven drive screw  prior  to  each  run. An "optimum" extrusion rate was 
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found  by trial. The o p t i m  rate was defined  such that t h e   c o r e   t i p  just kept 
pace with the  ablation  that   occurred on the  conical   rays .  For t h i s  case,  the 
p r o f i l e  shape  remains essent ia l ly   constant   with time throughout  the run. 

The p ro f i l e  shape change with time was  found f o r  a l l  models by  measurements 
from shadowgraph pictures  taken  during the run. 
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Figure 1.- Earth  entry  speed for minimum t r a n s i t  time from Mars and Venus. 

Bow shock 

Figure 2.-  Velocity  vectors f o r  conical  bodies.  
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Figure 3.-  Variation of the  laminar  energy  fraction  with  entry  speed for a 
30' half  -angle cone with a b a l l i s t i c  parameter of 200 and a Teflon 
ab l a t  or. 
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Figure 4.-  Variation of the  laminar  energy  fraction  with  entry  speed for cones 
having a b a l l i s t i c  parameter of 200, Teflon  ablators, and various cone 
half  -angles. 

66 



9 -  

8- 

7 -  
m 

2 6 -  

5; 5 -  

0 

F 

.- 
t 
V - z 4 -  

g3- 
W 
C 

2 -  

UJ = 0.1 

K~ = 12 x1O8sec 2 2  /m 

30" 8=1000 25' 
3 5 0 f l - p  

01 
8 

9-  

8 -  

7 -  
0 
x 6 -  

pr) 

F 

5 5 -  
.- 
t 
0 

E 4 -  
.I- 

1 I 1  I l l  I I I I I 
I O  12 14 16 18 20  22 24  26 28 30 

E n t r y  speed,VE, km/sec  

(a)  Teflon  ablator. 

< =I,5X 10-8sec / m  2 2  

I I I ok IO 12 14 1'6 1'8 210 212 i4 218 i 0  
Entry speed, VE, km/sec 

(b)  Vaporizing  quartz  ablator. 

Figure 5 . -  Variation of t he  envelope  values of laminar  energy  fraction wi th  
entry  speed and b a l l i s t i c  parameter. 
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Figure 8 . -  Variation of the  envelope  values of turbulent  energy  fraction  with 
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Figure 11.- Comparison of optimum energy  fractions of Teflon and vaporizing 
quar tz   for  a l i m i t  Reynolds number of lo7. 
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Figure 12.-  Generalized mass-loss f a c t o r  as a funct ion of entry  speed. 
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Figure 1.5.- Trajectory  angle  requirements for maintenance of laminar f l o w  for 
an entry body having  typical  space-probe  characteristics. 
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Figure 16.- Variation of minimum energy  f ract ion  with  bal l is t ic   parameter   for  
several  entry  speeds. 
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A-30693 

Figure 18.- Conical body  before and af te r  exposure t o  arc-jet  stream; 
h, = 3500 Btu/lb;  psp = 0.114 a t m ;  M = 3.3; exposure time = 18 sec. 



Figure 19. - Prof i l e  shape change during  ablation f o r  45' conical body; 
base  radius = 0.75 inch;  time  interval = 6 sec. 
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A-30694 

Figure 20. - Cusped-cone  shape (e = 0.1) before and after  exposure  to  arc-  jet 
stream; h, = 3500 Btu/lb; psp = 0.114 atm; M = 3.3; exposure  time = 18 see. 



Figure 21.-  P ro f i l e  shape  change  during  ablation  for  the  cusped-cone body 
( c  = 0.1) ; base  radius = 0.75 inch;  t ime  interval = 6 see.  
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A-30842 

Figure 22. - Cusped-cone shape ( c  = 0.3) before and after exposure t o   a r c -   j e t  
stream; h, = 3500 Btu/lb; psp = 0.114 a t m ;  M = 3.3; exposure time = 18 sec. 
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A-30817 

Figure 24. - Conical body shape (45') with a 1/16-inch-diameter 
extruded rod. 

A-30818 

Figure 25. - Conical body shape (45') with a 1/8-inch-diameter 
extruded rod. 
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Figure 26. - Conical body shape (45') with a 1/4-inch-diameter 
extruded  rod. 
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A-30695.1 

Figure 27. - Conical body with a 1/16-inch-diameter rod extruded  during  exposure 
t o   a r c - j e t  stream; h, = 3500 Btu/lb; psp = 0.114 a t m ;  M = 3.3; exposure 
t i m e  = 18 sec ;  feed   ra te  = 0.057 in/sec. 
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Figure 28. - Prof i l e  shape change during  ablation for a 45' cone with a 1/16-inch- 
diameter  extruded  core;  base  radius = 0.75 inch;  t ime  interval = 6 sec; 
feed   ra te  = 0.057 in/sec.  



A-30640 

.gure 29. - Conical body with  a  1/8-inch-diameter  rod  extruded  during  exposure 
to  arc-jet  stream; hT = 3500 Btu/lb;  psp = 0.114 atm; M = 3.3; exposure 
time = 18 sec; feed  rate = 0.034 in/sec. 
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Figure 30. - Prof i l e  shape  change  during  ablation  for a 45' cone with a 1/8-inch- 
diameter  extruded  core;  base  radius = 0.75 inch;  t ime  interval = 6 sec; 
feed rate = 0.034 in/sec.  



A-30839 

Figure 31. - Conical body with a 1/4-inch-diameter rod extruded  during  exposure 
t o  arc-  jet   stream; h, = 3500 Btu/lb; psp = 0.114 atm; M = 3.3; exposure 
time = 18 sec;   feed  ra te  = 0.024  in/sec. 
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Figure 32.- Profile  shape change during  ablation f o r  a 45' cone with a 1/4-inch- 
diameter  extruded  core;  base  radius = 0.75 inch;  t ime  interval = 6 see; 
feed   ra te  = 0.024 in/sec.  
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Figure 33. - Equilibrium  radiation rate per   un i t  volume of a normal-shock  gas 
as a function of f l i g h t  speed and a l t i t ude .  
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Figure 34.- Dependence of equilibrium  radiation on air  density. 
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Figure 35.- Dependence of shock-wave-angle  increment  on  cone  half-angle  and  air 
density  jump  due  to  shock  compression. 
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Figure 36. - Approximate  shock-wave-angle  increment  as  a  function  of  cone 
half-angle  at  high  air  speeds. 
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Figure 39.- Variation of heat-transfer  coefficient  with  speed a t  50 km a l t i t ude  
for   severa l  
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Figure 40.- Variation of heat- t ransfer   coeff ic ient  w i t h  speed f o r  30’ cone angle 
a t  th ree   a l t i t udes   fo r  a base  radius of 1 meter. 
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Figure 41.- Stanton nwiber variation  with cone angle and  speed. 

16 

12 

- 8  P E  

P 

4 

0 

(vs in  ew) -0.1 6 

I 35 km altitude 

4 8 12 16 20 2 4  
U= Vsin 8, 

Figure 42.- Density  ratio as a function of free-stream veloci ty  component 
normal t o  t he  shock wave. 
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Figure 43.- Est imated  heat- t ransfer   coeff ic ients   for   turbulent  boundary layer  
compared with working equations and laminar  boundary-layer  values. 

VE = 30,000 m/s 

- 

- 

Figure 44.- M a x i m  free-stream Reynolds number during  entry as a function 
of t h e   b a l l i s t i c   c o e f f i c i e n t .  
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Figure 45.- Variation of free-stream Reynolds number during  entry. 
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Figure 46. - Ratio of l o c a l   t o  free-stream Reynolds numbers. 



Cfb 312 
Cusped cone  equation r =  -x  + 

K 

0.016in /-t -f t""" 
(0.4 mm) i 7  i I  I 

1-4 

Model designation fb 2 
c=o  

0.75 in  (1.9cm) c =0.1 
0.75in ( I  .90cm) Oin (0  m m )  0.75in (1.9cm) 

1.8 I in  (4.58cm) 0.225  in  (5.7 m m)  0.75  in  (1.9cm) C =0.3 
1.45in  (3.67cm) 0.15in  (3.8mm) 0.75 in (1.9cm) c =0.2 
1.08in  (2.74cm) 0.075in  (1.9 mm) 

Figure 47.- Cusped-cone models. 
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designation diameter, d 
No. I 0.25 in (6.35 m m ) 
No. 2 0.125in (3. I 7  mm 
No.3 0.0625in ( 1.58 mm 

Figure 48.- Extruding apex  models. 
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